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A b s tra c t
The w ork d e sc r ib e d  in  t h i s  th e s is  f a l l s  in t o  two a reas o f 
c l i n i c a l l y  s ig n i f ic a n t  b in d in g  th e  in t e r a c t io n  o f  sodium 
n it ro p ru s s id e  w ith  b io lo g ic a l  m acrom oleoules, and th e  consequence o f 
b i l i r u b in  to  a lbum in  b in d in g  i n  th e  assay f o r  b i l i r u b in .
In  P a rt 1; C hapter 1 i s  a g en e ra l in t r o d u c t io n  re v ie w in g  th e  
ch e m is try  o f sodium n it ro p r u s s id e  and i t s  m ed ica l a p p l ic a t io n .
Chapter 2 i s  concerned w ith  th e  e v a lu a t io n  o f aquocobalam in as a
cyan ide  tra p p in g  agen t and th e  s t a b i l i t y  o f  sodium n it r o p r u s s id e .
13Chapter 3 d e s c r ib e s  C NMR and EHMO s tu d ie s  o f th e  b in d in g  o f 
cya n o fe r râ te s  t o  coba lam ins and coba lox im es. C hapter 4 re p o r ts  on th e  
pha rm aco lo g ica l consequences o f  th e  in t e r a c t io n  o f n it ro p ru s s id e  w ith  
aquocobalam in. The second s e c t io n  o f  t h i s  ch a p te r c o n s id e rs  th e  
in t e r a c t io n  o f  n it ro p ru s s id e  w ith  a lbum in  and haem og lob ins.
In  P a rt 2 o f t h i s  th e s is  Chapter 5 re v ie w s  th e  methods used in  
b i l i r u b in  assay. Chapter 6 d e s c r ib e s  f lu o re s c e n c e  and s o l id  s ta te  NMÎÏ 
s tu d ie s  in v e s t ig a t in g  th e  b in d in g  o f b i l i r u b in  to  a lbum in  and 
e v a lu a te s  th e  a b i l i t y  o f  v a r io u s  " a c c e le ra to rs "  t o  in t e r f e r e  w ith  th e  
b in d in g  o f  b i l i r u b in  to  a lbum in  i n  th e  d ia zo  method o f  b i l i r u b in  
assay. Chapter 7 c o n s id e rs  th e  problem s in v o lv e d  i n  u s in g  d iazon ium  
s a l t s  in  th e  w et ch e m is try  assays o f b i l i r u b in  and d e s c r ib e s  an 
i n i t i a l  s tudy e v a lu a t in g  th e  use o f h e te ro c y c l ic  d ia zo  compounds in  
th e  d ia zo  dry  base m u l t i - la y e r  f i l m  method o f  b i l i r u b in  assay.
To my Husband, C harles , 
and my M other, Mary
P art 1
Chapter 1
REVIEW OF SODIUM NITROPRUSSIDE CHEMISTRY 
AND MEDICAL APPLICATION
SNP = Sodium N itro p ru s s id e  
c y c l ic  GMP = Gu a n o s in e -3 ’ , 5 ’ -m onophosphate
— 1 “ ■f
1.1 INTRODUCTION
Sodium n it ro p ru s s id e  (SNP) has th e  fo rm u la  Na2F e (ll)(C N )^N 0 .2 H ^O .
I t  e x is ts  as red -b row n  c r y s ta ls  and was f i r s t  p repared  by P la y fa i r  in
1850^^^: i t s  ch e m is try  has been rev iew ed  by S w i n e h a r t . T h e  io n  i s
g e n e ra lly  regarded  as c o n ta in in g  F e ( I I )  and NO*^  s p e c ie s ^ ^ ’ ^ \  bu t
(51m o le c u la r o r b i t a l  c a lc u la t io n s  on n it ro p r u s s id e  ' g iv e  a charge 
d is t r ib u t io n  o f
In  1929 Johnson^^^ f i r s t  d e s c r ib e d  th e  h yp o te n s iv e  a c t io n  o f  th e
(7 )n it r o p r u s s id e  io n .  I t  became e s ta b lis h e d  in  th e  m id 19'60's as a 
p o te n t r a p id ly  a c t in g  v a s o d i la to r  used in  a n a e s th e s ia . In  more re c e n t 
ye a rs  i t  has been used in  c a rd ia c  s u r g e r y a n d  fo l lo w in g  myo­
c a r d ia l  in fa r c t io n ^   ^ as i t  causes re la x a t io n  o f  th e  a r t e r ie s  and
th u s  reduces s t re s s  on th e  weakened h e a r t .  C o n tro lle d  in tra v e n o u s  
in fu s io n  o f a s o lu t io n  o f  sodium n it ro p r u s s id e  can cause a f a l l  in  
p e r ip h e ra l re s is ta n c e  and an in c re a s e  in  a r t e r ia l  c a p a c ity  to  any 
d e s ire d  le v e l  w i t h in  30 seconds. The d u ra t io n  o f i t s  a c t io n  i s  
e x tre m e ly  s h o r t ;  on d is c o n t in u a t io n  o f in fu s io n  th e  b lood  p re ssu re  
r a p id ly  re tu rn s  to  norm a l, u s u a lly  w i th in  2-5 m in u te s . I t  i s  th u s  . 
e a s ie r  to  c o n tro l th e  b lood  p re ssu re  th a n  w ith  any o th e r  h y p o te n s ive  
d r u g . T h e  n it r o p r u s s id e  a n io n  i s  e x tre m e ly  w a te r s o lu b le  and 
l i p i d  in s o lu b le  and hence rem a ins in  th e  b lo od  stream  d u r in g  a c t io n  
whereas o rg a n ic  h yp o te n s iv e  a gen ts  become a s s o c ia te d  to  th e  l i p i d  
membranes caus ing  prob lem s w ith  s t a b i l i s a t io n  ( "o v e rs h o o t" )  o f  b lood  
p re ssu re  b e fo re  and a f t e r  th e  o p e ra t io n . Lack o f "o v e rs h o o t"  i s  th e  
m a jo r advantage n it ro p r u s s id e  has o ve r i t s  contem porary o rg a n ic  
h y p o te n s ive  a gen ts .
— 2 —
1.2
SNP a c ts  p re d o m in a n tly  on th e  a r t e r ia l  p re ssu re  ra th e r  than  th e  
v e n o u s . T h e  p h y s io lo g ic a l a c t i v i t y  o f n it ro p ru s s id e  i s  th o u g h t to  
be due to  th e  re a c t io n  o f th e  NO"*" w ith  th e  t h i o l g r o u p s  in  th e  c e l l  
re c e p to r  s i te s  in  th e  smooth m uscle membrane and i n t r a c e l l u l a r  space.
In  v i t r o  the  NO"^  l ig a n d  i n i t i a l l y  re a c ts  w ith  t h io l s  by n u c le o p h i l ic
/ 4 U \a t ta c k  a t  th e  n it ro g e n  o f th e  n i t r o s y l  g roup . l a  v iv o  th e
h y p o te n s iv e  a c t io n  i s  th o u g h t to  be due to  the  n it ro p ru s s id e  io n
unde rgo ing  a t r a n s -n i t r osat io n  re a c t io n  w ith  th e  enzyme g u a n y la te
cyc la se  [GTP pyrophosphate  ly a s e  ( c y c l is in g )  EC 4 .6 .1 .2 ] . ^ ^ ^ ^  The
/ 20*  ^22 )mechanism i s  s t i l l  a v e ry  c o n t ro v e rs ia l s u b je c t bu t i t  has been
(23 )e s ta b lis h e d  th a t  g u a n o s in e -3 ', 5 '-m onophosphate ( c y c l i c  GMP) i s
in v o lv e d  in  th e  v a s c u la r  smooth m uscle re la x a n t response to
n it ro g e n -o x id e  c o n ta in in g  d r u g s . T h e  i n i t i a l  enzyme a c t iv a t io n  i s
(25 )th o u g h t by some w o rke rs  to  re q u ire  th e  presence o f a c t iv a te d  t h i o l  
g roups. The v a s o d ila to r  a c t io n  i s  a t t r ib u te d  to  th e  fo rm a tio n  o f an 
a c t iv e  u n s ta b le  in te rm e d ia te ,  S - n i t r o s o t h i o l ( S - n i t r o s o c y s t e i n e ) ,  
and i t  i s  th e  NO"*" w h ich  i s  th e  p o te n t v a s c u la r  smooth m uscle re la x a n t .
(27 )Craven f i r s t  re p o r te d  g u a n y la te  cyc la se  was in s e n s i t iv e  to
a c t iv a t io n  by NO"^  o r n i t r o s o  compounds; th e  enzyme a c t iv a t io n  was
(28—31)re s to re d  in  th e  presence o f haem opro te ins . Recent obse rva -
( 22)t io n s  show th a t  p a r t i a l l y  p u r i f ie d  h e p a tic  g u a n y la te  cyc la se  
r e a d i ly  b in ds  haem and NO-haem w hich  suggests  th a t  haem may a ls o  be 
a s s o c ia te d  w ith ,  and r e la te d  to ,  the  mechanism o f g u a n y la te  cyc lase
3 ~
a c t iv a t io n  by NO*. Ig n a r ro ’ s s tu d ie s ^ ^ ^ ^  in d ic a te  th e  l i k e l y  reason 
f o r  th e  haem re q u ire m e n t i s  th a t  NO and n it r o s o  compounds such as SNP
( 32) ( 30}re a c t  w ith  th e  haem to  fo rm  NO-haem complexes w h ich  b in d  to ,
( 27 )and a c t iv a te  g u a n y la te  c y c la s e . Chapter 4 o f t h i s  w ork s tu d ie s  in  
more dep th  th e  jLq v i t r o  in t e r a c t io n  o f n it ro p ru s s id e  w ith  d i f f e r e n t  
fo rm s o f  haem oglob in .
1.3 PROBLEMS ASSOCIATED WITH MEDICAL APPLICATION
In  s p ite  o f i t s  v a lu e , th e re  i s  a problem  in  th e  use o f SNP. In
re c e n t y e a rs  i t  has been re p o r te d  t h a t  th e  n it ro p ru s s id e  io n  has to x ic
s id e  e f fe c ts ,  re le a s in g  cyan ide  in  th e  presence o f w ho le  b lood  both  jLq.
y j^ ( 3 2 - 3 5 )  i n  v i t r o . re p o r ts  c la im  th a t  f r e e  cyanide
has been d e te c ted  i n  th e  b lood  plasma and i n  th e  exha led a i r  o f
p a t ie n ts .  In  a d d it io n  th io c y a n a te , th e  p ro du c t o f cyan ide  m etabo lism  
(34)was re p o r te d  to  be p re s e n t in  a b n o rm a lly  h ig h  c o n c e n tra t io n s .
(39)R eports  o f f a t a l i t i e s  a f t e r  SNP in fu s io n  have come from  Jack ,
(40 ) (41)M e r r i f ie ld  , and D avies and each have th re e  common f a c t o r s : -
( i )  m e ta b o lic  a c id o s is  was a lw ays p re s e n t,
( i i )  s in ce  a l l  p a t ie n ts  w ere r e s is ta n t  to  SNP dosage as h ig h  as T50mg 
was in fu s e d ,
( i i i )  death o ccu rre d  i n  th e  im m edia te  post a n a e s th e t ic  p e r io d .
These re p o r ts  r e s u lte d  in  c o n s e rv a tiv e  g u id e lin e s  f o r  maximum 
dosage be ing  s e t down f o r  use rs^^^^  -  an upper l i m i t  o f 50mg f o r  an 
average 3 hour o p e ra t io n .
_  4 -
I n  v iew  o f th e  la rg e  fo rm a tio n  co n s ta n t f o r  cyano f e r r â t e s , t he
ve ry  h ig h  therm odynam ic s t a b i l i t y ,  and th e  known ch e m is try  o f sodium 
( 2 )n it r o p r u s s id e  these  r e s u l t s  a re  v e ry  s u rp r is in g .
I t  i s  kncwn^^^^ t h a t  a s o lu t io n  o f SNP re a c ts  p h o to c h e m ic a lly  to  
y ie ld  a b lu e  p r e c ip i ta te  o f P ru ss ia n  B lue a f t e r  a few days.
[F e ( I I) (C N )_ N 0 ]2 ~ ---------^ ^  [ F e ( I I I )  (CN) H^03^'
d
( i i )
( i )  H O , hv (400nm)
( i i )  H* Fe^* + 5CN”  + H^O
N itro p ru s s id e  io n s  c o n ta in  low  s p in  F e ( I I ) ,  a d^ s p e c ie s , in  w h ich  th e
l ig a n d s  a re  k in e t i c a l l y  in e r t .  Hew e v e r, p h o to ly s is  r e s u l t s  in  th e
fo rm a tio n  o f  a q u o p e n ta c y a n o fe r ra te ( I I I ) . The e le c t r o n ic  c o n f ig u ra t io n
5o f th e  i r o n  i s  now d and th e  l ig a n d s  a re  now la b i le .
P re v io u s  e x te n s iv e  s tu d ie s ^ ^ ^ '^ ^ ^  u s in g  cyan ide  s e n s it iv e  
e le c tro d e s  and e x c lu d in g  l i g h t  t o t a l l y  shaved th a t  no cyanide was be ing  
re le a s e d . T h is  c o n tra s ts  w ith  those  r e p o r t s ^ ^ ^ ’ ^ " ^ o f  SNP 
d eco m p o s ition  in  th e  system .
(47 )The techn ique  used to  is o la t e  th e  cyan ide  f o r  assay in v o lv e s  
a c id i f i c a t io n  o f  th e  cyan ide  c o n ta in in g  s o lu t io n ,  and rem oval o f  th e  
v o la t i l e  HCN th u s  form ed by passage o f a stream  o f n it ro g e n  th rough  th e  
s o lu t io n .  The HCN i s  th e n  tra p p e d  in  a sodium h yd ro x id e  s o lu t io n .  The
-  5 -
d isadvan tage  o f t h i s  te c h n iq u e  i s  i t s  in v a s iv e  n a tu re . T h is
c o n v e n tio n a l tech n iq ue  i s  u n r e l ia b le  f o r  m easuring  th e  c o n c e n tra t io n  o f
cyan ide  i f  the  n it ro p ru s s id e  io n  i s  a ls o  p re s e n t, because o f th e  tim e
s c a le  o f d e te rm in a t io n . In  th e  presence o f l i g h t  SNP w i l l  be
p h o to lyse d ^^^^  on a s ig n i f ic a n t  sca le  to  fo rm  [B’e (III) (C N O ^H ^O ]^  ,
where th e  cyanide lig a n d s ,  a lth o u g h  la b i le ,  rem ain  in  e q u il ib r iu m  w ith
th e  i r o n .  I t  i s  th e  in t r u s iv e  a c t io n  o f a c id i f y in g  th e  s o lu t io n  and
th e  p rocedure  o f p ass ing  a stream  o f n it ro g e n  th rou g h  the  s o lu t io n  to
remove any v o la t i l e  HCN so form ed th a t  causes d eco m p o s itio n . A lthough
[ F e ( I I I )  CCN)^H20 ]^ '“ i s  a ls o  a s ta b le  spec ies  (e s t .  ^  5 = 10^ ^ ) , ( ^ 3 )
a r e s u l t  o f  t h i s  n o n -e q u il ib r iu m  p rocess i t  w i l l  e v e n tu a lly  re le a s e  a l l
o f  i t s  cyanide as th e  l a b i l e  lig a n d s  a re  p ro to n a te d  and swept ou t o f
s o lu t io n ,  th u s  g iv in g  an appa ren t h ig h  cyan ide  c o n c e n tra t io n .
T h e re fo re , t h i s  c o n v e n tio n a l tech n iq ue  i s  e x c e l le n t  f o r  s o lu t io n s
c o n ta in in g  cyan ide  o n ly ,  b u t i s  inadequa te  and m is le a d in g  f o r  s o lu t io n s
c o n ta in in g  n i t r o p r u s s id e .  Use o f th e  cyan ide  e le c tro d e  tech n iq ue  f o r
measurement o f th e  cyanide  le v e ls  in  a lk a l in e  s o lu t io n s  o n ly  measur’es
-5  -3c o n c e n tra t io n s  down to  10 mol dm . T h is  i s  to o  h ig h  in  com parison 
w ith  c o n c e n tra t io n s  o f cyan ide  due to  SNP d eco m p o s ition  th a t  m ig h t be 
d e te c te d  i n  b lood  d u r in g  a th re e  hour o p e ra t io n .
A second method o f  in v e s t ig a t io n  has re c e n t ly  been employed in
t h i s  department,* a s tudy  o f  th e  NMR spectrum ^^^^ o f  ^ ^ C - la b e lle d
SNP in  w ho le  b lo o d . T h is  te c h n iq u e  i s  ra p id  and n o n - in v a s iv e . SNP 
13( 90% C) was added to  th e  w ho le  b lood  and th e  spectrum  o f th e  n i t r o ­
p ru s s id e  io n  was re co rd e d  every  hour f o r  fo u r te e n  h ou rs . The r e s u l t s  
showed th a t  a f t e r  fo u r te e n  hou rs  no SNP deco m p o s ition  was d e te c te d .
Due to  th e  a ccu m u la tive  scann ing  e f f e c t  over t h i s  lo n g  p e r io d  even a 5%
-  6
d eco m p o s ition  w ou ld  have been d e te c te d . The s tudy was c a r r ie d  o u t a t  
SNP c o n c e n tra t io n s  o f  1 .4mg m l”  ^ o f whole b lo od , w h ich  i s  s t i l l  ra th e r  
h ig h  in  com parison to  c o n c e n tra t io n s  found  under o p e ra tin g  c o n d it io n s ,  
b u t n o t ve ry  d i f f e r e n t  from  o th e r i n  v i t r o  s tu d ie s .  In  an a tte m p t to  
remove the  l im i t a t io n  o f s e n s i t i v i t y  and deve lop  an e f f i c i e n t  method o f 
d e te c t in g  any breakdown o f SNP th e  s tudy d e s c r ib e d  in  Chapter 2 was 
u nd e rtake n .
As a r e s u l t  o f the  o b s e rv a tio n s  in  Chapter 2 , h igh  f i e l d  NMR and 
extended Huckel c a lc u la t io n s  were c a r r ie d  o u t and a re  re p o r te d  in  
C hapter 3 , and i n  C hapter 4 in  v iv o  s tu d ie s  a re  re p o r te d  w h ich  
in v e s t ig a te  th e  im p l ic a t io n  o f these a fo rem en tioned  o b s e rv a tio n s .
-  7 “
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Chapter 2
RADIATION AND ÜV-VISIBLE STUDIES OF THE 
IN VITRO STABILITY OF NITROPRUSSIDE
^Abréviations
SNP = Sodium N itro p ru s s id e  




In  th e  1960's  sodium n it ro p ru s s id e  was f i r s t  in tro d u c e d  i n t o  th e
( 1 )UK as a h yp o te n s iv e  agent d u r in g  s u rg e ry . I t  causes lo w e r in g  o f  th e  
b lo od  p re ssu re  by d i la t io n  o f th e  b lood  v e s s e ls . In  th e  la s t  tw e n ty  
y e a rs  t h i s  v a s o d ila to r  has been e x te n s iv e ly  used s in c e  i t  possesses 
one m a jo r advantage over o th e r h y p o te n s ive  agents; when a d m in is tra ­
t io n  o f th e  dose i s  te rm in a te d  a f t e r  su rge ry  th e  b lood  p re ssu re
( 2 )r e tu r n s  r a p id ly  to  norm al. W ith  o th e r h yp o te n s iv e  drugs th e  b lood  
pressure "o v e rs h o o ts "  th e  normal le v e l .
Over the  ye a rs  th e re  have been se v e ra l re p o r ts  o f cyan ide  b e ing  
re le a s e d  when SNP i s  a d m in is te re d  d u r in g  s u rg e ry . ”  A l t h o u ^  th e  
e x te n t to  which t h i s  cyanide i s  re le a s e d  in  th e  b lood  has been 
d i s p u t e d ^ i t  i s  presumed to  be re le a s e d  i n  th e  body and to
Mo 11)accoun t fo r  th e  a cu te  t o x ic i t y  o f SNP. ' As a consequence a low  
maximim dosage has been recommended.
The n it ro p ru s s id e  io n  i s  a very s ta b le  sp e c ie s  -  from  th e  known 
fo rm a tio n  cons tan t^  o f [ F e ( I I )  (CN)g]^*’  and C F e ( I I I )  (GN)^ ” i t  can
be e s tim a te d  th a t  n it ro p ru s s id e  has = 10^^. T h e re fo re , from  a 
therm odynam ic v ie w p o in t ,  a re a c tio n  in v o lv in g  th e  com plete breakdown 
o f  n it ro p ru s s id e  w ith  l ib e r a t io n  o f cyan ide  i s  v e ry  s u r p r is in g .  
F u rthe rm ore , re a c t io n s  o f n it ro p ru s s id e  g e n e ra lly  in v o lv e  the  n i t r o ^ l  
g roup , w ith  the  Fe(CN)^ m o ie ty  rem aining i n t a c t .
— 1 2 “
As d iscussed  i n  Chapter 1, p re v io u s  methods o f  d e te c t io n  o f  f re e
cyan ide  u s in g  c o lo u r im e tr ic  te c h n iq u e s  had m a jo r drawbacks.
1R (17)The n o n - in t ru s iv e  te ch n iq u e  o f  C NMR shewed no re a c t io n  o f  SNP 
w ith  w ho le  b lo od , b u t th e  d e te c t io n  l i m i t s  f o r  cyan ide  a re  to o  h ig h .
I f  f r e e  cyanide was produced a t  a le v e l  o f o n ly  10 -1 0  mol dm , i t
w ou ld  n o t have been d e te c te d  u s in g  NMR methods.
To remove th e  l im i t a t i o n  o f s e n s i t i v i t y ,  and d eve lo p  an e f f i c i e n t
14method o f d e te c t in g  any breakdown o f SNP, e xpe rim en ts  u s in g  C - la b e i-  
l i n g  were c a r r ie d  o u t. These were coup led  w ith  th e  developm ent o f an 
e f f i c i e n t  method o f  e x t r a c t in g  V ita m in  w ho le  b lo o d .
(7 )I f  SNP decomposes in  v iv o  th e  l i v e r  i s  th e  s i t e  o f d e to x i­
f i c a t i o n  where cyan ide  i s  co n ve rte d  to  th io c y a n a te  (see F ig u re  1 ) .  
However, to  p re ve n t le v e ls  o f  cyan ide  g re a te r  tha n  th e  l i v e r  can 
hand le  i t  i s  recommended t h a t  aquooobalam in (V ita m in  B^g^)  be used as 
an a n t id o te .
Na^SgO^ + NaCN — >  NaSCN + Na^SO^
F igu re  1 : D e to x i f ic a t io n  o f Cyanide in  th e  L iv e r ,
Aquooobalamin i s  o f te n  re fe r re d  to  as hyd roxoooba lam in ; b u t as i t
has a pK^ = 8.1 i t  i s  p r im a r i ly  in  th e  aquo fo rm ^^^^ a t  p h y s io lo g ic a l
pH. A t t h i s  stage i t  must be noted  t h a t  w h ile  some re p o r ts  in d ic a te
th a t  th e  a d m in is t r a t io n  o f H^OCb a lo n g s id e  n it ro p ru s s id e  reduces
(18 21 22 )le v e ls  o f f r e e  cyan ide  in  bo th  red  c e l ls  and plasm a, ' ' o th e rs
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( 23)suggest th a t  HgOCb i s  a poor a n t id o te .  I t  has a ls o  been re p o r te d  
th a t  HgOCb ra is e s  f r e e  cyanide le v e ls  d u r in g  in fu s io n  o f  SNP.
(25)M ushett f i r s t  c la im ed  th a t  aquooobalam in (V ita m in  B ^^^) was
capab le  o f bo th  p re v e n tin g  and re v e rs in g  th e  to x ic  e f f e c t s  o f cyan ide
j=n v iv o  i f  in je c te d  20 seconds b e fo re  cyanide in fu s io n ,  o r w i t h in  4
m in u tes  th e r e a f te r .  T h is  produced cya no co ta la m in  (V ita m in  a
n o n - to x ic  substance w h ich  can r e a d i ly  be e x c re te d . Rose^*"^^ showed
th a t  in tra v e n o u s  in je c t io n  o f  aquooobalam in tends  to  de lay th e  onse t
o f  to x ic  s ig n s , p ro lo n g in g  th e  s u rv iv a l t im e  a f t e r  th e  a d m in is t r a t io n
(27 28)o f  le t h a l  doses o f cya n ide . In  more re c e n t y e a rs  * th e re  have 
been re p o r ts  recommending th e  fu tu r e  use o f aquooobalam in as an a n t i ­
do te  to  le t h a l  and c h ro n ic  cyan ide  p o is o n in g .
From a chem ica l p o in t  o f  v iew  th e  a ppa ren t a n t id o ta l  a c t io n  o f 
aquooobalam in on le t h a l  doses o f cyan ide  i s  s u r p r is in g .  The re a c t io n  
o f  cyan ide  (o r  hydrogen cyan ide ) w ith  H^OCb a t  p h y s io lo g ic a l pH i s  
undoub ted ly  i r r e v e r s ib le ,  bu t f a i r l y  s low . For th e  fo rm a tio n  o f 
cyanooobalam in f r a n  H^OCb W illia m s ^ ^ ^ ^  re p o r te d  a fo rm a tio n  co n s ta n t 
o f K > 1 0 ^ ^ , b u t found , a t  c o n c e n tra t io n s  o f  2 .5  x 10 ^mol dm  ^ a t
pH 4 .5 ,  a h a l f - l i f e  f o r  CNCb fo rm a tio n  o f some fo u r  a n l a h a l f  hou rs .
( 31) 14A subsequent d e te rm in a tio n  gave K » 1 .2  x 10 . The k in e t ic s  o f
th e  re a c tio n s  o f cyan ide  w ith  H^OCb were s tu d ie d  in  g re a t d e ta i l  by
Je n cks^^^^ ; a lth o u g li H^OCb re a c ts  w ith  cyam.de to  fo rm  bo th  mono- and
d ioyano  d e r iv a t iv e s ,  th e  co n ju g a te  base (hyd roxoooba lam in ) does n o t
re a c t  a t  a l l . ^ ^ ^ ^
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The observed r a te  d if fe re n c e s  o f  th e  c o n ve rs io n  o f  aquooobalam in 
to  cyanooobalam in a t  p h y s io lo g ic a l pH may be due to  th e  d if fe re n c e s  in  
b o th  w ho le  b lood  and is o to n ic  b u f fe r ,  pH 7 .2 .
F i r s t ,  U V /v is ib le  s p e c tro s c o p ic  s tu d ie s  in  is o to n ic  b u f fe r ,  
pH 7 .2 ,  were c a r r ie d  o u t to  e s ta b l is h  how ra p id  th e  re a c t io n  o f 
cyan ide  and aquooobalam in i s .  R a d io a c tiv e  c o n t ro l e xpe rim en ts  were 
the n  c a r r ie d  o u t t o  e s ta b l is h  w he the r H^OCb i s  in  f a c t  a good tra p p in g  
agent f o r  cyan ide  when in c u b a te d  f o r  one hour and to  de te rm ine  any 
d if fe re n c e s  in  b u f fe r  and b lo o d .
HOH
K
12K (pH 7 .2 )  = 10 p e r cyano g roup . 
F ig u re  2 : E s s e n t ia l R e a c tion  Scheme
Is o to p ic  d i lu t io n  methods were then  developed to  e x tr a c t  any 
i r r e v e r s ib ly  form ed r a d io a c t iv e  cyanooobalam in from  b u f fe r  and b lood  
m edia.
-  15 -
14The s y n th e s is  o f  N ag lF e l CN)^NO] was th e n  unde rtaken  and i t ’ s 
b eh a v io u r was s tu d ie d  i n  th e  presence o f aquooobalam in, u s in g  th e  same 
in c u b a t io n  t im e , in  bo th  b u f fe r  and w ho le  b lo o d .
-  16 -
2 .2  EXPERIMENTAL
2. 2 . 1  PREPARATION OF SODIUM NITRQPRUSSIDE-^^^C
M a te r ia ls  and Method
C onvers ion  o f Sodium H e xa c v a n o fe rra te d D -^^^C
14to  Sodium N it ro p ru s s id e -  C
Sodium h e x a c y a n o f e r r a t e ( I I ) - [ N a ^ F e ( . l O H ^ O ;
2,94mCi mmol” ^ ] was purchased frcxn Amer sham In te r n a t io n a l .  Sodium 
h e x a c y a n o fe r ra te ( I I )  was o b ta in e d  from  BDH Chem icals L td  and was o f 
AnalaR g rade .
Pye Unicam SP8-100 and P e rk in  E lm er 1310 sp e c tro m e te rs  were 
employed f o r  U V /v is ib le  and IR a n a ly s is  r e s p e c t iv e ly .
I n i t a l l y  th e  s y n th e s is  was c a r r ie d  o u t u s in g  n o n - ra d io a c t iv e  
fe r ro c y a n id e  s e v e ra l tim e s  to  m axim ise y ie ld s  and to  f in d  th e  optimum 
s m a ll s c a le  re a c t io n  c o n d it io n s .
T h is  s y n th e s is  i s  adapted from  th e  in d u s t r ia l  p rocess w h ich  was
k in d ly  s u p p lie d  by Mr. C. G arnsw orthy o f BDH Chem icals L td .  T h is  in
( 33)i t s e l f  i s  a m o d if ic a t io n  o f th e  method o f S te e l.
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Sodium h e x a c y a n o fe r ra te ( I I ) - ^ ^ C  [ N a ^ F e ( I I ) ( . l OH^O] ;  (2 .5 g , 
50-7üy%Ci mm ol"^) was added to  an ic e - c o ld  m ix tu re  o f 2 .25m l n i t r i c  
a c id  (S .G. 1 .42 ) and w a te r  (1m l) w ith  s t i r r i n g .  More hexacyano- 
f e r r a te ( I I ) - ^ ^ C  (1 .5 4 g ) ,  o f  th e  same s p e c i f ic  a c t i v i t y ,  was added in  
p o r t io n s  over 4 hours  ànd th e n  th e  m ix tu re  was a llo w e d  to  warm to  room 
tem pe ra tu re  over 1 h o u r. I t  was th e n  hea ted  to  60^C and sodium 
ca rbona te  (0 .2 2 g ) was added i n  p o r t io n s  over 15-30 m in u tes  a llo w in g  
th e  e ffe rv e s c e n c e  to  d ie  down somewhat between each a d d it io n .  The 
m ix tu re  was then  hea ted  to  75°C and a f u r t h e r  0 .1 8g sodium ca rbona te  
was added and s t i r r e d  f o r  1 hour a llo w in g  i t  to  co o l to  65°C. A f te r  
a d d it io n  o f a m ix tu re  o f m ethanol (10m l) and w a te r (3m l) th e  s o lu t io n  
was a llo w e d  to  stand a t  50-60°C  f o r  48 hou rs  in  th e  d a rk  under a 
g e n t le  stream  o f n it ro g e n .  A f te r  48 hou rs  th e  m ix tu re  was f i l t e r e d  
th rou g h  a bed o f  H y flo -S u p e rc e l (BDH Chem icals L t d . ) ,  th e  re a c t io n  
f la s k  and H y f lo  bed were washed w ith  m ethanol u n t i l  the  w ash ings were 
a lm ost c o lo u r le s s .  The r e s u l t in g  d a rk  re d  f i l t r a t e  was f i l t e r e d  a g a in  
th rough  a g la s s  s in te r  and co n ce n tra te d  on a ro ta r y  e v a p o ra to r a t  
4 80 °C  u n t i l  c r y s ta ls  began to  fo rm . S u f f ic ie n t  w a te r was th e n  added 
to  re d is s o lv e  th e  c r y s ta ls  in  h o t s o lu t io n .  The s o lu t io n  was th e n  se t 
a s id e  in  th e  da rk  to  c r y s t a l l i s e .  The sm a ll red  n e e d le - l ik e  c r y s ta ls  
w h ich  form ed were f i l t e r e d  o f f  and d r ie d  between f i l t e r  pape rs . A 
fu r t h e r  crop  o f  SNP was o b ta in e d  from  th e  r e s u l t in g  m other l iq u o r  by 
e v a p o ra tin g  to  d ryness and e x t r a c t in g  w ith  a l i t t l e  warm m ethanol by 
s t i r r i n g  f o r  45 m in u te s . The s o l id  re s id u e , m o s tly  sodium n i t r a t e ,  
was f i l t e r e d  o f f  and th e  f i l t r a t e  was tre a te d  i n  th e  same manner as 
p re v io u s ly  s ta te d  and th e n  l e f t  to  c r y s t a l l i s e .  The y ie ld  o f sodium 
n it ro p ru s s id e -^ ^ C  (N a2[Pe(^^C N )^N 0].2H 20) was 1 .96g, 6.58mmol, (49%),
“ 18 —
-1w hich had a s p e c i f ic  a c t i v i t y  o f 6 ly< C i mmol . The spectrum  was
id e n t ic a l  to  th a t  o f a sample o f AnalaR SNP; i . e .  \  394nm.max
A d d it io n  o f th e  p ro du c t to  an a lk a l in e  s o lu t io n  o f c y s te in e  gave the  
e x p e c t e d c o l o u r  change -  a p o s i t iv e  te s t  f o r  th e  presence o f SNP, 
Q u a n t ita t iv e  IR a n a ly s is  showed th e  p ro du c t to  c o n ta in  ^  2$ n i t r a t e  as 
th e  m a jo r im p u r i t y .
2 .2 .2  VISIBLE SPECTROSCOPIC ANALYSIS 
M a te r ia ls  and Method
Hydroxooobalam in and cyanooobalam in were purchased from  Sigma.
SNP and KCN were o f AnalaR g rade . A l l  s p e c tra  were reco rded  on a Pye 
Unicam SP8-100 sp e c tro p h o to m e te r. Q uartz c u v e tte s  (3 .0 m l) were Used 
and te f lo n -s to p p e re d  c u v e tte s  w ere used f o r  s p e c tra l measurements in  
th e  presence o f cya n id e . A l l  e xpe rim en ts  were c a r r ie d  ou t a t  25^0 and 
th e  s o lv e n t used was is o to n ic  phosphate b u f fe r ,  pH 7 . 2 .
Is o to n ic  b u f fe r  i s  a 0.02M phosphate b u f fe r  in  0.9% sodium 
c h lo r id e  s o lu t io n .  T h is  shou ld  have a pH o f 7 .2 ,  w ith  an io n ic  
s tre n g th  s im i la r  to  th a t  o f  w ho le  b lo o d . The phosphate used c o n s is ts  
o f  th re e  mole e q u iv a le n ts  d isod ium  hydrogen phosphate to  two mole 
e q u iv a le n ts  sodium d ih yd ro g e n  phosphate in  0.9% sodium c h lo r id e  
s o lu t io n .
19 -
A l l  re a c t io n s  in v o lv in g  cyan ide  were c a r r ie d  o u t in  a good fume 
hood. Where aqueous s o lu t io n s  o f n it ro p ru s s id e  were used, these  were 
c a r e fu l ly  p ro te c te d  from  l i g h t .  C o n ce n tra tio n s  o f th e  H.OCb and CNCb 
were 7 ,2  x 10“ ^mol dm” ^ in  a l l  s p e c tra . To ensure  com plete  re a c t io n  
potassium  cyan ide  and SNP w ere i n  l im i t e d  c o n c e n tra t io n s :  3 .6  x 
10 ^mol dm
The v is ib le  a b s o rp t io n  spectrim i o f aquooobalam in g iv e s  r is e  to  a 
c h a r a c te r is t ic  'TV — ÿ'Tr t r a n s i t i o n ^ o f  th e  c o r r in  r in g ,  a broad 
asym m etric  sh o u ld e r a t  \529nm , ^  = 9 .0  x 10 mol cm , d e s ig n a te d  
oc band and i t s  v ib r a t io n a l  f in e  s t ru c tu re  ^  band \  490nm,
K = 8 .7  X lO^mol cm \  and D band \  404nm, ^  = 3 x lO^mol cm ^ .
In  com parison the  v is ib le  spectrum  o f  cyanooobalam in g iv e s  r is e
to  a broad sh o u ld e r observed a t  \  552nm, ^  - 8 .2  x lO^mol cm ~ \
c< band; \  524nm, ^  = 7 .7  x lO^mol c m " \  ^  band; and X 406nm,
<  = 3 .4  X 10 mol cm , D band. A l l  a re  due to  % — t r a n s i t i o n s
(35)o f  th e  c o r r in  r in g  system .
The n it ro p ru s s id e  shows weak a b s o rp t io n  in  th e  v is ib le  re g io n  a t  
\  480nm due to  d ^ — ■> '\ t  NO -  a t r a n s i t i o n ^ t o  a m o le c u la r o r b i t a l  
c o n ta in in g  p r im a r i ly  the  a n t i  bond ing  o r b i t a l  ('TV NO). A t th e  
c o n c e n tra t io n s  s tu d ie d  t h i s  d id  n o t show any s ig n i f ic a n t  a b s o rp t io n .
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2 .2 .3  METHOD OF EXTRACTIl^ CYANOCOBALAMIN 
FROM THE REACTION MEDIUM
M a te r ia ls  and Method
Human b lood  was o b ta in e d  frcm  Dr A.R. B u t le r ,  and s to re d  i n  
h e p a r in is e d  tub e s  u n t i l  re q u ire d ;  e xpe rim en ts  were c a r r ie d  o u t on th e  
same day th e  b lood  was w ith d ra w n . KCN-^^C (0.0175mCi mmol"^) was 
purchased from  Amersham In te r n a t io n a l  L td .  R a d io a c tiv e  co u n tin g  was 
c a r r ie d  u s in g  an EMI Ne LSC-2 l i q u id  s c i n t i l l a t o r .
Due to  s p e c tra l p ro p e r t ie s  o f  cyanocobalam in th e re  was m assive 
quench ing  o f  th e  s c i n t i l l a t i o n  s ig n a l,  X  360nm. T h e re fo re , normal 
c o u n tin g  te ch n iq u e s  c o u ld  n o t be em ployed. In s te a d  th e  cyanocobalam in 
was c o lle c te d  on a porous f i l t e r  d is c  w h ich  was suspended in  a non- 
aqueous s c i n t i l l a t i o n  c o c k ta i l  NE 265. T h is  d is c  method was 53.5% 
e f f i c i e n t .
14' B e fo re  th e  s o lu t io n s  o f  SNP- C were added to  the  medium an a n a l-
(37)y t i c a l  p rocedure  f o r  the  e s t im a tio n  o f  m ic ro  q u a n t i t ie s  o f cyan ide  
was c a r r ie d  o u t and th e  r e s u l t s  proved n e g a tiv e .
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14Ih fi-.^ t.g r.a g M jpn-Sf-.Cy,anl.le j=  c, wlth.,.,Aq.uo..Q.obalaiain....3JQ Blood
and E x t ra c t io n  o f Cyanocobalamin
To 10ml8 o f  whole b lood  and O.OISmmol o f KCN-^^C (2 ,6  x 10 ^mCi) 
was added 0.2mmol o f aquooobalam in. To t h i s  was added 0.6mmol (0 .5 g )
ito f  " c o ld "  cyanocoba lam in  and 30ml o f AnalaR acetone to  ly s e  th e  
c e l ls .  T h is  m ix tu re  was th e n  in c u b a te d  f o r  1 hour a t  37°C. The 
m a te r ia l was the n  c e n tr i fu g e d  in  a bench to p  MSG c e n tr i fu g e  a t  3000 
r .p .m . f o r  30 m inu tes  a f t e r  w h ich  the  su pe rn a ta n t was decanted o f f .  
The su p e rn a ta n t was th e n  added to  a 100ml s e p a ra tin g  fu n n e l and th e  
l i p i d  c o n te n t e x tra c te d  by washing w ith  c h lo ro fo rm  (2 x 5 0 m l). The 
r e s u l t in g  s o lu t io n  was p ip e t te d  o n to  a watch g la s s  and th e  s o lv e n t 
evapora ted  by an IR lam p. The s o l id  o b ta in e d  was p u r i f ie d  down a dry  
column o f  f in e  s i l i c a  and b r ig h t  red  CNCb was e lu te d  w ith  r e d i s t i l l e d  
m e thano l. The e x tra c te d  CNCb was p u t down a second f in e  s i l i c a  d ry  
column to  ensure com plete p u r i f i c a t io n .  The CNCb was e x tra c te d  from  
th e  s i l i c a  by w ashing w ith  r e d i s t i l l e d  m ethanol (3 x 100m l). The 
r e s u l t in g  s o lu t io n  was the n  co n ce n tra te d  on a ro ta r y  e v a p o ra to r. The 
d a rk  re d  c r y s t a l l in e  m a te r ia l o b ta in e d  was r e c r y s ta l l is e d  from  a 1:1 
a ce to n e :w a te r m ix tu re  to  c o n s ta n t a c t i v i t y  as counted by the  d is c  
method m entioned p re v io u s ly .
*  In  o rd e r to  p e rm it p u r i f i c a t io n  o f any ra d io a c t iv e  CNCb form ed, a
la rg e  excess o f  n o n - ra d io a c t iv e  CNCb was added. T h is  changes th e
a c t i v i t y  pe r mole o f th e  CNCb bu t s t i l l  a llo w s  th e  fo rm a tio n  o f 
14cyanocoba lam in- C to  be d e te c te d .
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The In te r a c t io n  o f  C yan ide-^ and Aquooobalam in in  B u f fe r  
and E x t ra c t io n  o f Cyanocobalamin
To 10ml8 o f  is o to n ic  b u f fe r  (pH 7 .2 )  and 0 .0 1 Smmol o f KCN-^^C 
(2 .6  X 10~^mCi) was added 0.2mmol o f H^OCb and 0.6mmol (0 .5 g ) " c o ld "  
CNCb and 15ml AnalaR a ce tone . The m ix tu re  was in c u b a te d  f o r  1 hour a t  
37^0 . A f te r  le a v in g  f o r  5 hou rs  th e  phosphate from  th e  b u f fe r  had 
been d e p o s ite d  a t  the  bottom  o f th e  f la s k .  The r e s u l t in g  s o lu t io n  was 
c e n tr i fu g e d  in  a bench to p  c e n t r i fu g e  a t  3000 r .p .m . f o r  30 m in u tes  
and th e  su pe rn a ta n t p ip e t te d  o f f  on to  a watch g la s s .  The s o lv e n t was 
evapo ra ted  u s in g  an IR lam p. The r e s u l t in g  re d  c r y s t a l l in e  m a te r ia l 
was p u r i f ie d  tw ic e  down a f in e  s i l i c a  d ry  column and e lu te d  w ith  
r e d i s t i l l e d  m ethanol (3 x 100m l). The s o lu t io n  was th e n  co n ce n tra te d  
on a ro ta r y  e v a p o ra to r and th e  da rk  re d  c r y s t a l l in e  m a te r ia l was 
r e c r y s ta l l is e d  from  a 1:1 a ce to n e :w a te r m ix tu re  to  co n s ta n t a c t i v i t y  
as counted by th e  d is c  method.
14The..I nt.cjiacAloh of  . .§.NP-  Q--aal. Ai^mg.cb.al.aaiiLJ.il-BIood
and E x t ra c t io n  o f Cyanocobalamin
To 10ml o f w ho le  b lo od  and 0.015mmol o f SNP-^^C (0 .915y*C±) was 
added 0.2mmol o f H^OCb and 0.6mmol (0 ,5 g ) o f  " c o ld "  CNCb. To ly s e  th e  
c e l ls  30m l8 o f  AnalaR acetone was added. The r e s u l t in g  m ix tu re  was 
p ro te c te d  from  l i g h t  and in c u b a te d  f o r  1 hour a t  37^0. The m a te r ia l 
was the n  c e n tr i fu g e d  as in  th e  p re v io u s  s e c tio n  and th e  l i p i d  c o n te n t 
removed a c c o rd in g ly .  The r e s u l t in g  s o lu t io n ,  s t i l l  p ro te c te d  from
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l i g h t ,  was fre e z e  d r ie d  to  remove w a te r and a ce to ne . T h is  p rocess 
to o k  a p p ro x im a te ly  3 -4  hou rs  to  ensure d ryness . The s o l id  o b ta in e d  
was th e n  p u r i f ie d  down a f in e  s i l i c a  d ry  column tw ic e , p ro te c te d  from  
l i g h t  a t  a l l  s ta g e s . The CNCb was e x tra c te d  fro m  the  s i l i c a  by 
washing w ith  r e d i s t i l l e d  m ethanol (3 x 100ml) and th e  s o lu t io n  
co n ce n tra te d  on a ro ta r y  e v a p o ra to r . The dark re d  c r y s t a l l in e  
m a te r ia l was r e c r y s ta l l is e d  to  c o n s ta n t a c t i v i t y  as counted by th e  
d is c  method.
14The I n te r a c t io n  o f  SNP- C and Aquooobalam in in  B u f fe r  
and E x t ra c t io n  o f Cyanocobalamin
14The same q u a n t i t ie s  o f  SNP- C, H^OCb, and CNCb th a t  were used in  
th e  expe rim en t w ith  b lood  were used he re  a lo ng  w ith  b u f fe r  (10m].s) and 
AnalaR acetone (1 5 m ls ). The m ix tu re  was in cu b a te d  f o r  1 hour a t 
37^0 . A f te r  le a v in g  f o r  5 hou rs  th e  phosphate had d e p o s ite d  a t  th e  
bottom  o f th e  f la s k .  The s o lu t io n  was c e n tr ifu g e d  f o r  30 m inu tes  and 
th e  su p e rn a ta n t decanted and fre e z e  d r ie d .  S t i l l  p ro te c te d  from  l i g h t  
th e  s o l id  was p u r i f ie d  by tw ic e  passage down a f in e  s i l i c a  d ry  
column. The s o l id  o b ta in e d  was r e c r y s ta l l is e d  to  c o n s ta n t a c t i v i t y  as 
counted by th e  d is c  method.
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2 .3  RESULTS AND DISCUSSION
2 .3 .1  VISIBLE SPECTROSCOPIC STUDIES OF THE INTERACTION 
OF SNP AND AQUOCOBALAMIN
A l l  c o r r in o id s  a re  h ig h ly  c o lo u re d  and have ve ry  la rg e  e x t in c t io n  
c o e f f ic ie n ts .  T h is  a llo w s  e x p e r im e n ta tio n  to  be c a r r ie d -o u t  w ith  v e ry  
sm a ll amounts o f  m a te r ia l .
In  these s tu d ie s  th e  s p e c tro s c o p ic  a n a ly s is  has been l im i t e d  to
th e  v is ib le  re g io n  o f  th e  spectrum . Sodium n it ro p ru s s id e  in  th e
v is ib le  spectrum  o n ly  has a weak d —>Tr*NO a b s o rp tio n ^ ^ ^ ^  a t  \  480nm,xy
w hich even a t  h ig h  c o n c e n tra t io n s  d id  n o t g iv e  any s ig n i f ic a n t  
a b s o rp tio n s  t h a t  in te r fe r e d  w ith  th e  coba lam in  s tu d ie s .
The c o r r in o id  r in g  o f  V ita m in  B^^ has th re e  d i s t i c t i v e  a b s o rp t io n  
bands, , ^ , D , b e t w e e n  400-600nm (see F ig u re  3 ) .
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F ig u re  4 P lo t  o f  absorbance a g a in s t w ave leng th ,
(a ) aquooobalam in 7 .2  x 10“ ^M
(b ) cyanocobalam in 7 .2  x 10“ ^M 
S o lve n t -  is o to n ic  b u f fe r  pH 7 .2
Tem perature 25 C
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The f i r s t  band i s  d e s ig n a te d  o( and corresponds to  the  symmet-
#r i c a l l y  fo rb id d e n  t r a n s i t io n  between th e  h ig h e s t n r
occup ied  m o le c u la r o r b i t a l  o f  th e  c o r r in  r in g  and th e  lo w e s t 
*unoccupied n r  m o le c u la r o r b i t a l .  A lthough  fo rb id d e n  t h i s  t r a n s i t i o n
i s  observed due to  m o le c u la r p o l a r i s a t i o n . T h e  p band i s  th e
*co rre sp o n d in g  v ib r a t io n a l  f in e  s t r u c tu r e  o f th e  n r ^  symmet­
r i c a l l y  fo rb id d e n  t r a n s i t i o n .  Both <X and ^  bands a re  ve ry  d is ­
t i n c t i v e  in  coba lam ins and a re  observed between 500 and 600nm. The
t h i r d  band, D, i s  a sm a ll band due to  an a n tis y m m e tr ic  fo rb id d e n
*t r a n s i t i o n  TT^ ^ 8 * i s  observed between 400 and 600nm.
(^Q-40)  ( 41-42)Day and S chrauzer proved th a t  th e  D band i s
p a r t i c u la r i l y  s e n s i t iv e  to  e le c t r o n ic  changes in  th e  c o r r in  r in g  
(42)system . S chrauzer used i t e r a t i v e  extended Huckel m o le cu la r 
o r b i t a l  th e o ry  to  prove th a t  s in ce  c o b a lt  io n s  in t e r a c t  w ith  a x ia l  
l ig a n d  'TT e le c tr o n  system s, th e  m ain e f fe c ts  o f  a x ia l  l ig a n d s  may be 
tra c e d  back to  th e  change o f energy o f th e  h ig h e s t occup ied
m o le c u la r o r b i t a l ,  as a fu n c t io n  o f the  a x ia l  l ig a n d .  A c c o rd in g ly , 
a l l  t r a n s i t io n s  in v o lv in g  ( ^ , Ç ) a re  s h if te d  to  lo w e r energy i f  
w eakly in te r a c t in g  a x ia l  l ig a n d  (e .g .  H^O in  aquocoba lam in) i s  
exchanged f o r  a s t ro n g ly  in te r a c t in g  l ig a n d  (e .g .  CN“  in  cyano- 
coba la ra in ) -  see F ig u re  4 .
T h e re fo re , i t  i s  n o t s u r p r is in g  to  no te  th a t  the  OC band f a l l s  in
energy a long  a s e r ie s  o f  a x ia l  lig a n d s  th a t  c lo s e ly  p a r a l le ls  th e
(39.40)n e p h e la u x e tic  s e r ie s .
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I n i t i a l l y  SNP ( 3. 6  x 10'“^raol dm~^), H^OCb (7 .2  x lO^^mol 
d m "^),and  CNCb (7 .2  x lOT^mol dm"^) were I n d iv id u a l ly  m o n ito red  
s p e c tro s c o p ic a lly  between 400 and 600nra f o r  12 hou rs  t o  s tudy  th e  
degree o f d eco m p o s ition  over t h i s  p e r io d . In  a l l  th re e  samples th e  
a b s o rp t io n  ra a a in s  s ta b le  and no s ig n i f ic a n t  deco m p o s ition  was 
a p p a re n t.
( 12)To de te rm ine  how adequate a cyanide t ra p p in g  a ge n t aquo-
-5  -3coba lam in  i s  a s o lu t io n  o f KCN (3 .6  x 10 mol dm ) and aquooobalam in 
(7 .2  X 10 ^mol dm ^ ) was prepared  and th e  v is ib le  spectrum  reco rded  
t h e r e a f te r .  A f te r  a p e r io d  o f  s ix  hou rs  th e  spectrum  had been 
co n ve rte d  to  ^  band (540nm ), ^  band (520nm ),and D band (404nm). The 
s o lu t io n  was th e n  m o n ito red  f o r  a no th e r th re e  hou rs  and rem ained 
unchanged th ro u g h o u t th a t  p e r io d . A t those  m o la r r a t io s ,  i . e .  2 :1  
aquocobalamin:KCN, i f  th e  H^OCb was q u a n t i t a t iv e ly  c o n ve rte d  to  CNCb 
by th e  KCN the n  th e  r e s u l t in g  s o lu t io n  s lio u ld  be a co m b in a tio n  1:1 
m o la r r a t io  o f H^OCb and CNCb. For com parison an a u th e n t ic  sample o f 
a 1:1 HpOCb:CNCb (7 .2  x 10” ^raol dm~^) was p repared  and i t s  spectrum  
re co rd e d . T h is  showed oc band (543nm), ^  band (520nm), and D band
(405nm ). These a b s o rp tio n s  a re  in  re a son a b le  agreem ent and sha^ th a t  
KCN has r e a d i ly  been tra pp e d  by th e  aquocobalam in and conve rte d  to  
cyanocofcal'amin a f t e r  s ix  h ou rs .
To s tudy th e  e f fe c t  o f th e  n it ro p ru s s id e  a n io n  on th e  v is ib le  
spectrum  o f  aquocobalam in a s o lu t io n  o f SNP (3 .6  x 10” ^mol dm*”^ )  and 
aquocobalam in (7 .2  x 10 ^mol dm ^ )  was m o n ito re d  im m e d ia te ly  on 
p re p a ra t io n  by v is ib le  sp ec tro sco p y . The r e s u l t in g  spectrum  (X band
-  27 -
(532nm), ^  band (512nra), and D band (408nm) was o b ta in e d  and rem ained 
c o n s ta n t ove r a 12 hour p e r io d . I t  was s im i la r  to  th a t  o f  HgOCb 
a lth o u g h  th e  bands had moved to  a s l i g h t l y  lo w e r energy, they  rem ained 
w e l l  above bo th  oyanocobalam in and th e  spectrum o f th e  1:1 m o la r r a t io  
m ix tu re  o f aquocobalam in and cyanocoba lam in .
Table  1 summarises a l l  th e  a b s o rp tio n s  o b ta in e d  frcm  these  
i n i t i a l  v is ib le  s p e c tro s c o p ic  e xp e rim e n ts . A lthough  h e lp fu l  in  
showing th a t  no SNP broke down in  th e  presence o f aquocobalam in the y  
in d ic a te  th a t  th e  n it ro p ru s s id e  a n io n  i t s e l f  can a c t as a l ig a n d  and 
b in d  to  the  a x ia l  p o s i t io n  o f th e  c o r r in o id  r in g .  As a r e s u l t  the  
aquocobalam in a b s o rp t io n  bands % and ^  were s l i g h t l y  s h i f te d  to  
lo w e r e n e r g y . A q u o c o b a l a m i n  was n o t conve rted  to  cyanocobalam in 
due to  th e  absence o f f r e e  cyan ide  from  the  d ecom pos ition  o f the  
n it ro p ru s s id e  a n io n . Chapter 4 d e t a i ls  a f u r t h e r  s tudy  o f  th e  e f fe c t  
o f  d i f f e r e n t  m o la r r a t io s  o f  n itro p ru s s id e :a q u o c o b a la m in  on th e  • 
v i s ib le  spectrum  o f aquocoba lam in .
For th e  moment, these  i n i t i a l  s p e c tra l s tu d ie s ,  a lth o u g h  too  h ig h  
in  c o n c e n tra t io n s  f o r  b io lo g ic a l  a p p l ic a t io n ,  ade q ua te ly  answered th e  
q u e s tio n  o f SNP d eco m p o s ition  under th e  e xp e rim e n ta l c o n d it io n s  
d e sc rib e d *
-  2Ü -
Ta.b le_ l
Summary o f v i s ib le  a b s o rp tio n  bands I T —^ T r  o f  th e  coba lam in  sp e c ie s .
m o la r r a t io  w ave leng th  (nm)
oc ? D
(a ) aquocobalam in 529 490 404
(b ) cyanocoba lam in 552 524 408
(c ) aquocobalam in and KCN 2:1 540 520 , 404
(d ) aquocobalam in and cyanocoba lam in 1:1 543 520 405
(e ) aquocobalam in and SNP 2:1 532 512 408
-5  -3Aquocobalam in and Cyanocobalam in = 7 .2  x 10 mol dm 
KCN and SNP = 3 .6  x 10” ^mol dm"^
2 .3 .2  LABELLED STUDIES OF THE INTERACTION OF K^^CN 
WITH AQUOCOBALAMIN
Since r a d io a c t iv e  la b e l l in g  i s  a v e ry  s e n s i t iv e  means o f a n a ly s is  
i t  can be a p p lie d  to  b io lo g ic a l  s tu d ie s  a t  a p p ro p r ia te ly  low  concen­
t r a t io n s  o f m a te r ia l .
I n i t i a l l y  two c o n t ro l e xpe rim en ts  were c a r r ie d  o u t a t  b io ­
lo g ic a l l y  re le v a n t  c o n c e n tra t io n s  to  de te rm ine  how good aquo­
coba lam in  i s  i n  b u f fe r  in  com parison to  w hole  b lood  a t  tra p p in g  f r e e  
cya n id e . T h e o re t ic a l ly ,  i f  a l l  th e  ra d io a c t iv e  cyanide (0.015mmol) 
was tra pp e d  a f t e r  an in c u b a t io n  p e r io d  o f  one hour by th e  aquo-
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coba lam in , then  in  both  b u f fe r  and b lo o d  th e  s p e c i f ic  a c t i v i t y  o f the
cyanocoba lam in  i s  3 .8  x lO^^dpm m o l"^  (where dpm i s  d is in te g r a t io n s
pe r m in u te ) .  The average o f th re e  b u f fe r  medium e xpe rim en ts  gave the  
7 — 1v a lu e  o f 7 .15  x 10 dpm m ol”  . In  com parison th re e  w ho le  b lo od  medium
e xpe rim en ts  gave th e  v a lu e  2 .45  x lO^dpm m ol”  ^ a f t e r  th e  same p e r io d .
R e la t iv e  to  th e  th e o r e t ic a l  s p e c i f ic  a c t i v i t y  th e re  i s  no s ig n i f ic a n t
d if fe re n c e  in  th e  a b i l i t y  o f  aquocobalam in to  t ra p  cyan ide  in  w ho le
14b lo od  and b u f fe r .  Both v a lu e s  re p re s e n t <^0.2% uptake  o f K CW ove r a 
one hour in c u b a t io n  p e r io d .  These r e s u l t s  a re  summarised in  Tab le  2 .
Tab le  2
M a te r ia l R eac tion  Medium A c t iv i t y  o f Cyanocobalam in
(d .p .m . m ol” "*)
K^^CN b u f fe r  (pH 7 . 2 )  7 .15  x 10?
K^^CN w hole  b lo od  2 .45 x 10^
SNP-^^C b u f fe r  (pH 7 . 2 )  3 .92  x 10^
SNP-^^C w ho le  b lo od  4.92 x 10^
In  C hapter 3 these i n i t i a l  r a d io - la b e l l in g  s tu d ie s  were con firm ed
13 13by C NMR sp e c tro s c o p y ; i . e .  t h a t  th e  re a c t io n  o f c y a n id e - C w ith
aquocobalam in i s  s low . A f r e s h ly  m ixed s o lu t io n ,  c o n ta in in g  aquo-
13coba lam in  and excess K CN in  is o to n ic  b u f fe r  (pH 7 . 2 )  showed a s in g le
13 13C resonance a s s ig n a b le  to  H CN. Subsequent re re c o rd in g  o f the
spectrum  o f the  cyan ide  : aquocoba lam in  s o lu t io n  over a p e r io d  o f
s e v e ra l hours showed th a t  th e  resonance a t  120ppm s lo w ly  decreased in
in t e n s i t y  to  be re p la c e d  by a n o th e r resonance a t  137.3ppm, a s s ig n a b le
(43 )to  d icyanocoba lam in .
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These r e s u l t s  combined w ith  th e  ra d io a c t iv e  la b e l l in g  
expe rim en ts  c o n firm  W illia m s ^ ^ ^ ^  and Jencks^^^^ o b s e rv a tio n s  th a t  th e  
re a c t io n  between cyanide and aquocobalam in i s  s low . M oreover, they  
prove th a t  whole  b lood  does n o t in c re a s e  th e  ra te  o f c o n v e rs io n .
’ ■ -LABELLED SODIUM
To i n v e s t i ^ t e  any decom pos ition , o r  in t e r a c t io n  o f sodium 
n it ro p ru s s id e  and aquocobalam in a t  b io lo g ic a l ly  s ig n i f ic a n t  concen­
t r a t io n s ,  r a d io a c t iv e  SNP (0.015mraol) was in c u b a te d  f o r  one hou r in  
th e  presence o f H^OCb in  bo th  b u f fe r  and b lo o d . H i en a method j^as 
deve loped t o  e x tr a c t  and p u r i f y  any ra d io a c t iv e  cyanocobalam in th a t  -j
may have been form ed, T h e o re t ic a l ly ,  i f  a l l  0.015mmol o f SNP de com- J
posed and f r e e  cyanide  was tra p p e d  by th e  H^OCb th e n  th e  s p e c i f ic  i
a c t i v i t y  o f th e  ^ ^ C - la b e lle d  CNCb w ou ld  have been 2 .7  x 10^*^dpm 1
Î
mol ^ . In  th re e  id e n t ic a l  e xpe rim en ts  u s in g  is o to n ic  b u f fe r  (pH 7 . 2 )  I
th e  average s p e c i f ic  a c t i v i t y  o f  th e  e x tra c te d  cyanocoba lam in  was j
3 .92  X 1O^dpm mol ^ . S im i la r ly ,  in  th re e  id e n t ic a l  e xpe rim en ts  u s in g  
whole b lood  th e  average s p e c i f ic  a c t i v i t y  o f th e  e x tra c te d  CNCb was
4.92 X lo fdpm  mol ^ . These r e s u l t s  a re  a ls o  shown in  Table  2 (see  p.
29 ) .  These r e s u l t s ,  r e la t iv e  to  th e  th e o r e t ic a l v a lu e , show no 
d if fe re n c e  between th e  in te r a c t io n  o f SNP and aquocoba lam in  in  w ho le  
b lood  and b u f fe r .  Both va lu e s  re p re s e n t le s s  tha n  0.02% uptake o f 
f r e e  cyan ide . I t  was la t e r  r e a l is e d  by th e  more d e s c r ip t iv e  te ch n iq u e
-  31
13o f C NMR sp ec tro sco py  (see Chapter 3) combined w ith  the  v is ib le  
s p e c tro s c o p ic  s tu d ie s  p re v io u s ly  d iscussed  th a t  sodium n it ro p ru s s id e  
does n o t decompose to  any s ig n i f ic a n t  degree, b u t in s te a d  b in ds  to  th e  
aquocobalam in to  fo rm  complexes w h ich  rem ain on th e  ch rcm a tog ra p h ic  
column d u r in g  th e  e x t r a c t io n  f o r  cyanocobalam in.
14In  c o n c lu s io n  these  p re lim in a ry  v is ib le  s p e c tro s c o p ic  and C 
ra d io c h e m ic a l s tu d ie s  e s ta b lis h e d  th a t  th e re  i s  no d if fe re n c e  in  th e  
ra te  o f fo rm a tio n  o f cyanocoba lam in  when aquocobalam in and cyan ide  a re  
in c u b a te d  i n  e i t h e r  b u f fe r  (pH 7 , 2 )  o r  whole b lo o d . Indeed aquo­
coba lam in  i s  a v e ry  bad a n t id o te  f o r  le t h a l  doses o f cyan ide  poison»
iquocoba;
(4 4 ,4 5 )
(29)in g .  A uocobalam in i s  more e f f e c t iv e  in  lo n g  term  c h ro n ic  cyan ide
p o is o n in g .
M oreover c o n s id e r in g  th e  m ed ica l re p o r ts ,  jLn v i t r o  in c u b a t io n  o f
v a r io u s  human t is s u e s  and body f lu id s  w ith  n it ro p ru s s id e  i s  s a id  to
(5 )r e s u l t  i n  cyan ide  re le a s e . Sm ith  and Kruszyna s ta te  th a t  b lood  i s
by f a r  the  most a c t iv e  b io lo g ic a l  p re p a ra t io n . In  a d d i t io n  S p ieg e l 
(4 )and Kucera re p o r t  th e  q u a n t i ta t iv e  re le a s e  o f cyan ide  from  n i t r o ­
p ru ss id e  in  th e  presence o f w ho le  b lood  but f a i l  to  d e te c t cyanide  in  
th e  b lood  o f p a t ie n ts  undergo ing  n it ro p ru s s id e  th e ra p y  when a n a ly s in g  
a l iq u o ts  taken  w i t h in  two m in u tes  a f t e r  in fu s io n  had te rm in a te d . In  
none o f these above re p o r ts  i s  th e re  any s ig n  as to  w he ther 
p re c a u tio n s  had been ta ke n  a g a in s t p h o to ly s is  o f th e  n it ro p ru s s id e  
w hich produces l a b i l e  cyanide l ig a n d s .
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111Combined v i s ib le  s p e c tro s c o p ic  and C la b e l l in g  s tu d ie s  show
th e re  i s  no s ig n  o f d eco m p o s ition  o f  sodium n it ro p ru s s id e  in  w hole
b lood  o r is o to n ic  b u f fe r  (pH 7 . 2 ) .  In s te a d , th e re  i s  ev idence  th a t
th e  n it ro p ru s s id e  io n  b in d s  to  aquocoba lam in : t h i s  b in d in g  i s  s tu d ie d
13by th e  more e le g a n t te ch n iq u e  o f C NMR spec troscopy  as d e sc r ib e d  in  
Chapter 3 .
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Chapter S
THE INTERACTION OF CYANOFERRATES WITH 
VITAMIN B 2
A b b re v ia t io n s
SNP = Sodium N itro p ru s s id e
HgOCb Aquocobalamin
CNCb = Qy anocobal am in
NP N itro p ru s s id e
TtG Tetram eth y 1s ila n e
TSPSA = 3 - (T r im e th y ls i ly l)p ro p a n e  s u lp h o n ic  a c id
sodium s a l t
CPMAS Cross P o la r is a t io n  Magic Angle S p in n in g
TOSS T o ta l Side band S uppress ion
NQS = Non-Q uaternary Suppression
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3.1  INTRODUCTION
( 1)S c o tt  had p re v io u s ly  perfo rm ed  e xpe rim en ts  w hich in v o lv e d  
ta k in g  NMR s p e c tra  o f b lood  sam ples, o r o f  o th e r  b io lo g ic a l  m o le cu les , 
w hich co n ta in e d  v a r io u s  s u b s tra te s  la b e l le d  w ith  Carbon-13. T h is  
te ch n iq u e  seems p a r t i c u la r ly  s u ita b le  f o r  th e  s tudy o f any in t e r a c t io n  
o f  cyan ide  and V ita m in  (a quocoba lam in ), and th e  b in d in g  o f  sodium
n it ro p ru s s id e  and aquocobalam in.
A lthough th e  c o n c e n tra t io n s  a re  too  h ig h  to  be b io lo g ic a l ly
re le v a n t ,  n e v e rth e le s s  th e  tech n iq ue  i s  f a r  more in fo rm a t iv e  in  bo th  a
q u a n t i ta t iv e  and q u a l i t a t iv e  sense than  the  p re v io u s  e le c t r o n ic  
14s p e c tro s c o p ic  and C- la b e l l in g  e xpe rim en ts  d e sc rib e d  in  C hapter 2 .
13The C NMR tech n iq u e  w ould  enab le  any re a c t io n  to  be m o n ito re d  in .
s i t u  w ith o u t  th e  n e c e s s ity  f o r  f u r t h e r  chem ica l m anipul.at ie n s ,  as in  
14th e  le n g th y  C - la b e l l in g  e xpe rim en ts .
13The n a tu ra l abundance C NMR s p e c tra  o f v a r io u s  i r o n  cyano
(2 3 )complexes in c lu d in g  n it ro p ru s s id e  have been o b ta in e d . ' The n i t r o ­
p ru ss id e  io n  has been sha^n by X -ra y  a n a ly s is  to  have sym m etry. 
T h e re fo re , th e  n it ro p ru s s id e  sp e c tn m  shows two s in g le ts  in  the  r a t io  
o f 4 : 1 ,  a ss igned  to  the  fo u r  e q u a to r ia l cya n ide s  and a s in g le  a x ia l  
cyanide t r a n s  to  the  NO group. The chem ical s h i f t s  a re  139.0 (4 ) and 









13F ig u re  1 N o n -e q u iva le n t C env ironm en ts  in  t o t a l l y  la b e l le d  and
13s in g ly  u n la b e lle d  n i t r o p r u s s id e -  C.
The env ironm en ts  a re  numbered 1 -6 ; each atom in  a p a r t i c u la r
12environm ent i s  in d ic a te d  by th e  same number. "12 ”  re p re s e n ts  C.
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13The p r o b a b i l i t y  o f  th e re  b e in g  two C atoms in  one n it ro p ru s s id e
13i s  n e g l ig ib le  s in ce  th e  n a tu ra l abundance o f C i s  so low  ( ^ 1 % ) .  As
12a r e s u l t  th e  n a tu ra l abundance spectrum  o b ta in e d  e x h ib i t s  fo u r  C
13cyan ides  and a s in g le  C cyan ide  l ig a n d .  For th e  m a jo r p a r t  o f t h is  
13s tud y  90$ C - la b e lle d  n it r o p r u s s id e  was used. T h e re fo re  th e  spectrum
(5 )o b ta in e d  becomes more com plex, as has been d e sc r ib e d  p re v io u s ly .  I t
i s  necessary to  lo o k  in  more d e t a i l  in t o  th e  im p l ic a t io n s  o f 90%
13C - la b e lle d  in c o rp o ra t io n  o f the  n it ro p ru s s id e  io n  so th a t  th e  
s p e c tra  and th e  s p l i t t i n g  p a t te rn  i n  t h i s  p re se n t NMR s tudy can be 
adequa te ly  in te r p r e te d  and compared w ith  com puter s p e c tra l s im u l­
a t io n .
I n i t i a l l y ,  c o n s id e r th e  r e la t i v e  p ro p o r t io n s  o f f u l l y  la b e l le d
( f i v e  ^^CN), s in g ly  u n la b e lle d  ( fo u r  ^^CN), and doub ly  u n la b e lle d  
13( th re e  ON) sp e c ie s  p re s e n t. These p ro p o r t io n s  can be c a lc u la te d
5from  th e  b in o m ia l expans ion  (9+1) ; 99% o f th e  t o t a l  can be accounted
/ 5 4f o r  by th e  f i r s t  th re e  te rm s o f  th e  expansion  (9 = 59049, 5 x 9  =
32805, 10 X 9^ = 7290) ;  o th e r  sp ec ies  a re  in s ig n i f i c a n t .  Thus 90%
13 C - la b e lle d  sodium n it r o p r u s s id e  c o n s is ts  o f 
( i )  59.0% [Fe(13cN ) W 0]2-,
( i i )  32.8% [Fe(13cN )y(12cN )N 0 ]2~ , 
( i i i )  7 . 3% [Fe(13cN ) (IZ c N ig N O ]^ -.
12D if f e r e n t  isom ers  a re  o b ta in e d  due to  th e  presence o f C atoms and
t h e i r  p o s i t io n  w i t h in  each sp e c ie s . In  a d d it io n  th e re  a re  mag-
13n e t ic a l l y  n o n -e q u iv a le n t C e nv iron m e n ts  w i t h in  each iso m e r.
HO 135 rSÔ 125" 
PPM
1190MHz C NMR spectrum  o f  90% la b e l le d  SNP.
134 Î5F
PPM
11.Fj& u re  2b 90MHz "’ C NMR spectrum  o f 90% la b e l le d  SNP (expanded)
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To in t e r p r e t  th e  s p e c tra  d iscu ssed  in  t h i s  ch a p te r o n ly  th e
13fo l lo w in g  sp e c ie s  a re  co n s id e re d . The t o t a l l y  C - la b e lle d  sp e c ie s
13has o n ly  one isom er, w h ich  has two C env ironm en ts , a x ia l  (one unique 
13CN) and fo u r  e q u a to r ia l ca rbons. Two isom ers , i n  th e  r e la t iv e  r a t io
124 :1 ,  a re  p re se n t in  th e  s in g ly  u n la b e lle d  sp e c ie s , one w ith  th e  0
12atom in  an e q u a to r ia l p o s i t io n  and th e  o th e r w ith  the  C in  th e  a x ia l
12p o s i t io n .  In  th e  isom er w ith  C e q u a to r ia l th e re  a re  th re e  
env ironm en ts  (see F ig u re  1 ) ;
( i )  t ra n s  to  NO (one ^^CN),
( i i )  c is  to  NO and t ra n s  to  (one ^^CN),
( i i i )  c is  to  NO and c is  to  (tw o  ^^CN) .
The doub ly  u n la b e lle d  sp e c ie s  has th re e  isom ers  and w i t h in  each
13a re  a f u r t h e r  s ix  n o n -e q u iv a le n t e nv iron m e n ts . Each d is t in c t  C
environm ent w i l  g iv e  r is e  to  a se pa ra te  s ig n a l in  th e  NMR spectrum ;
13r e s u l t in g  in  th e  p o s s ib i l t y  o f  c o u p lin g  between C atoms in  these
d is t in c t i v e  e nv iron m e n ts . In  a d d it io n  th e re  w i l l  be a chem ica l s h i f t
13d if fe re n c e  due to  th e  presence o f a d d it io n a l C atoms ra th e r  than  
12c.
13C h a ra c te r is t ic  C NMR Spectrum o b ta in ed  u s in g  90% 
^^C -L a b e lle d  N itro p ru s s id e
13The 90MHz C NMR spectrum  o f 90% la b e lle d  n it ro p r u s s id e  i s  shown
i n  F ig u re  2a, and th e  expanded spectrum  in  F ig u re  2b. The spectrum  i s
dom inated by th e  t o t a l l y  la b e l le d  s p e c ie s . T h is  g iv e s  r is e  to  two
13s ig n a ls ;  a q u in te t  re p re s e n t in g  th e  a x ia l  C s p l i t  by th e  fo u r  e q u iv -
4
13F ig u re  2q 20MHz C NMR spectrum  o f 90% la b e l le d  SNP. M a jo r peak a t  
136.6 (s c a le  10.4  Hz/cm ).
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13a ie n t  e q u a to r ia l C atoms and a d o u b le t re p re s e n t in g  th e  fo u r  equa-
13 13t o r i a l  C s p l i t  by th e  s in g le  a x ia l  C. As observed in  th e  n a tu ra l
abundance spectrum  A V  i s 2 p p m ,  and th e  c o u p lin g  c o n s ta n t J =
1
18Hz . a t h i r d  l i n e  i s  v i s ib le  between th e  two l in e s  o f  th e  d o u b le t i n  1IIth e  th e  expanded spectrum  (F ig u re  2b) and t h i s  i s  due to  th e  isom er o f
12th e  s in g ly  u n la b e lle d  sp e c ie s  w ith  th e  C carbon  a x ia l .  In  t h i s
I o iisom er (see F ig u re  1) a l l  fo u r  C e q u a to r ia l l ig a n d s  a re  e q u iv a le n t
and hence g iv e  r is e  to  a s in g le t  spectrum . The s ig n a ls  due to  th e
o th e r  a x ia l carbons a re  o f low  in t e n s i t y  and a re  f u r t h e r  d im in is h e d  by
c o u p lin g ; they  appear o n ly  as th e  broad a rea  above w h ich  th e  q u in te t
can ju s t  be d is c e rn e d . A c c o rd in g ly , th e  s ig n a ls  from  o th e r  e q u a to r ia l
carbons make up th e  broad u n reso lve d  a rea  a t  th e  base o f th e  d o u b le t.
The spectrum  o f 90% la b e l le d  n it ro p ru s s id e  re co rd ed  on a 20MHz 
NMR spectrcxne te r i s  q u i te  d i f f e r e n t  (see F ig u re  2 c ) .  The d is c e rn ib le  
fe a tu re  i s  fo u r te e n  l in e s ,  one o f w h ich  i s  much more in te n s e  th a n  th e  
r e s t .  T h is  i s  a h ig h ly  d is to r te d  n o n - f i r s t  o rd e r spectrum . At 20MHz 
th e  s e p a ra tio n  o f  th e  a x ia l  and e q u a to r ia l s ig n a ls  i s  40Hz (2ppa) ; th e  
c o u p lin g  c o n s ta n t rem a ins 18Hz and h e n ce A v  ^  J .  T h is  s p e c tra l 
p a t te rn  i s  c h a r a c te r is t ic  o f  n i t r o p r u s s id e .
13I n i t i a l l y  th e  C - la b e lle d  NMR tech n iq ue  was employed to  s tudy 
13th e  in te r a c t io n  o f Na CN and a q u o p e n ta c y a n o fe r ra te ( I I I ) , [ F e ( I I I ) -  
(^^CNjgHgO], w ith  aquocobalam in by th e  90MHz h ig h  f i e l d  NMR s p e c tro ­
m e te r. S ubsequen tly , th e  s t a b i l i t y  o f  sodium n it ro p r u s s id e  in  th e  
presence o f aquocobalam in was s tu d ie d . The a ppa ren t b in d in g  o f 
n it ro p ru s s id e  and H^OCb observed by th e  r a d ia t io n  and v i s ib le  
spec troscopy  s tu d ie s  as d iscussed  i n  Chapter 2 was in v e s t ig a te d  in
— 41 —
13more depth by C NMR. T h is  s tudy was extended to  an analogue o f bo th  
V ita m in  and SNP u s in g  NMR, and s o l id  s ta te  NMR,
F in a l ly ,  Extended Huekel M o le c u la r O r b ita l  (EHMD) c a lc u la t io n s  
a n a ly s in g  th e  b in d in g  o f  SNP and h e x a o y a n o fe r ra te ( l l)  t o  m e th y l-  
coba lox im e and to  a c o b a lt c o r r in  a re  re p o r te d .
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3 .2  EXPERIMENTAL
3 .2 .1  SOLUTION STATE NMR SPECTRA 
M a te r ia ls  and In s tru m e n ts
13Sodium cyan ide  (90% atom C) was purchased from  MSD Is o to p e s  
L td .  (Canada) and was used as re c e iv e d . Samples o f  N a ^ [F e ( I I ) -  
(^^C N j^ j.lO H gO  and N a ^ C F e (II) ( ^^CN)^NO].2H2 O were p repared  by Dr J .  
M cG innis as p re v io u s ly  r e p o r t e d . N a ^ L F e d l l ) ( ^^CN)^].H^O  was 
p repa red  by A .E. B a rc la y  u s in g  p u b lis h e d  m e th o d s .C N C b ,  H^OCb, 
bov ine  serum a lbum in  ( f a t t y  a c id  and g lo b u l in  f r e e ) ,  p ro to p o r -  
p h o rp h y r in  IX  (d iso d ium  s a l t ) ,  and p o ly -L -a s p a ra g in e  were purchased 
from  Sigma L td .  Samples o f  CH^Co(dmg)gHgO (dmg = d im e th y l g lyo x im e )
( 7 )was p repared  u s in g  p u b lis h e d  p ro ced u re s . A l l  o th e r  chem ica ls  used 
were o f  AnalaR g rade .
A l l  s o lu t io n s  o f  n it r o p r u s s id e  were p ro te c te d  frcxa l i g h t  a t  a l l  
t im e s : s o lu t io n s  o f sodium cyan ide  were hand led  i n  a good fume hood 
and a l l  NMR sample tubes  w ere s top p e red .
NMR s p e c tra  were re co rd ed  on a B ru ke r WH-36O sp ec tro m e te r in  th e
FT mode and a t  25°C a t  th e  Science and E n g in e e r in g  Research C ounc il
(S .E .R .C .) re g io n a l h ig h  f i e l d  NMR s e rv ic e  a t  th e  U n iv e rs ity  o f
E d inbu rgh . The carbon resonance i s  a t  90.56MHz in  a f i e l d  o f  7 .5 T .
13O ther C s p e c tra  were re co rd e d  on a V a r ia n  CFT-20 in s tru m e n t 
o p e ra t in g  a t  25°C w ith  a carbon resonance o f 20MUz in  a f i e l d  o f 
1 .9T .
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E xperim en ts  on th e  90MHz S pectrom e ter
13The C s p e c tra  were reco rded  a t  90.56MHz w ith  TFB as an e x te rn a l 
re fe re n c e  u s in g  s p e c tra l w id th s  o f 12-l4KH z, t y p i c a l l y  w ith  1000-2000 
scans and w ith  a de lay  o f 1 .38  seconds between p u lse s  o f  3 yus. The 
^^Co s p e c tra  were reco rded  a t  85.45MPIz w ith  K^CCoCCN)^] as th e  
e x te rn a l re fe re n c e , u s in g  a s p e c tra l w id th  o f 125KHz w ith  14000-20000 
scans and p u ls e s  o f  4yU.s.
A l l  s p e c tra  in v o lv in g  coba lam ins and those  o f h e xa c y a n o fe rra te  
coba loxim e m ix tu re s  were re co rd ed  on s o lu t io n s  made up in  10% 
d e u te ra te d  is o to n ic  phosphate b u f fe r ,  pH 7 .2 .  S pe c tra  o f n i t r o ­
p ru s s id e  and coba loxim e m ix tu re s , f o r  reasons o f  s o lu b i l i t y ,  were 
re co rd ed  i n  m e th a n o l-d ^ . The c o n c e n tra t io n s  v a r ie d  depending upon th e  
exac t s to ic h io m e try  re q u ire d , bu t u s u a lly  th e  c y a n o fe r ra te  concen­
t r a t io n  was 5 .4  X 10“  mol dm“  (a p p ro x im a te ly  1 .5% ). In  no case was 
i t  found  necessary to  use r e la x a t io n  re a g e n ts . E xpe rim en ta l uncer­
t a in t ie s  in  s p e c tra l param eters  a re  ±  O.ippm in  chem ica l s h i f t s  and 
+ 0.2Ez in  c o u p lin g  c o n s ta n ts .
A s e r ie s  o f  p re lim in a ry  expe rim en ts  was c a r r ie d  o u t g e n e ra lly  a t
— 3 13c o n c e n tra t io n s  o f O.OSmol dm“  o f 90% C - la b e lle d  cya n o fe r râ te s  in  
10% DgO is o to n ic  b u f fe r  pH 7 .2  u s in g  TSPSA as th e  e x te rn a l re fe re n c e . 
The number o f scans was t y p i c a l l y  2000-4000 w ith  a pu lse  w id th  o f 7yus 
and a pu lse  de lay  o f 0 seconds.
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l â b l & l
Q u a n t it ie s  o f  re a g e n ts  used in  th e  NMR e xpe rim en ts , th e  numbers r e f e r
to  the f ig u r e  w h ich shows th a t spectrum . A l l v a lu e s  a re  s ta te d
mol xlC
F ig u re SNP HgOCb [F e (C N )g ]^ “ MeHgOCofdmgïg
3 1.08 11:20
4 1.08 1.08
5 1.08 1 .62
6a 1.08 2 .16
6b 1.62 2 .16
9 1.08 1 .08
10 2 .16 1.08
11 5 .4 0 1.08
12 1.08 2 .16




16 1.08 6 .50
13N a tu ra l abundance C NMR s p e c tra  o f th e  cya n o fe r râ te s  w ere  
g e n e ra lly  run  in  Im ol dm 10% D^O phosphate b u f fe r  (pH 7 .2 )  s o lu t io n s  
u s in g  TSPSA as th e  e x te rn a l re fe re n c e . Most s p e c tra  re q u ire d  13000- 
15000 scans w ith  a p u lse  w id th  o f 7y^s  and a p u lse  de lay  o f  0 
seconds.
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Computer S p e c tra l. S im u la t io n
A l l  s p e c tra l ass ignm ents were checked by s p e c tra l s im u la t io n
u s in g  th e  "S iraeq" s p in  s im u la t io n  program in  c o n ju n c t io n  w ith  th e
hardware computer f a c i l i t i e s  o f  th e  V a r ia n  CFT-20 NMR s p e c tro m e te r.
13In  th e  case o f 90% C - la b e lle d  SNP t h i s  in v o lv e d  th e  summation o f  the  
s p e c tra  due to  [Fe(^^C N )^N O ]^“  and bo th  isom ers  o f  [F e (^^C N )^- 
(^^CN)NO]^“ .
3 .2 .2  SOLID STATE-NMR-STUDIES
13A l l  C s o l id  s ta te  NMR s p e c tra  were reco rded  on a V a r ia n  VXR 
300MHz sp e c tro m e te r w ith  s o l id  s ta te  a ttachm en t and w ide  bore  O xfo rd  
magnet a t  th e  S .E .R .C . s o l id  s ta te  NMR s e rv ic e  a t  th e  U n iv e rs ity  o f 
Durham. The carbon  s p e c tra  were re co rd ed  a t  75.43MHz r e la t iv e  to  
e x te rn a l TMS. A l l  s p e c tra  were run  a t  25°C and o b ta in e d  w ith  a 
h igh -pow er p ro to n  d e c o u p le r, t y p i c a l l y  w ith  1000-10000 t r a n s ie n ts ,  
s p e c tra l w id th s  o f  50000Hz and a de lay  o f 2 .0 s  between p u lse s  o f 
6yt 8 .
13 13C s o l id  s ta te  NMR s p e c tra  f o r  samples o f  b o th  90% C - la b e lle d
sodium h e x a c y a n o fe rra te  and aquocobalam in were re co rd ed  using. Cross
P o la r is a t io n  Magic Ang le  S p in n in g  (CPMAS).
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13A sample o f 1:1 mole r a t io  C - la b e lle d  sodium h e x a c y a n o fe rra te
and aquocobalam in was p repared  by d is s o lv in g  2 ,06  x 10 ^m oles o f  b o th
h e x a c y a n o fe rra te  and aquocobalam in in  a minimum volume o f is o to n ic
b u f fe r  pH 7 .2 .  The r e s u l t in g  s o lu t io n  was in c u b a te d  a t  25^C f o r  one
13hour and th e n  th e  s o lv e n t removed by fre e z e  d ry in g .  The C s o l id  
s ta te  NMR sp e c tr im  o f th e  1:1 sodium hexacyanoferra te iH ^O C b was 
i n i t i a l l y  ru n  u s in g  CPMAS. To s im p l i fy  in t e r p r e ta t io n  a spectrum  was
/ O N
ru n  u s in g  CPMAS and TO ta l S ide band S upp ress ion  (TOSS) mode. To 
fu r t h e r  s im p l i fy  th e  s o l id  s ta te  spectrum  o f  th e  sample a sp ec tru n  
u s in g  CPMAS and N on-Q uaternary S upp ress ion  (NQS) mode was 
re co rd e d .
3 .2 .3  MOLECULAR COMPUTER GRAPHICS
A l l  a tom ic  param eters  and s t r u c tu r a l  d a ta  were o b ta in e d  fro m  th e  
Cambridge C ry s ta l S t ru c tu re  Search and R e tr ie v a l Database (D a resbu ry ) 
p ro v id e d  by th e  S .E .R .C .
The program CliemX in  c o n ju n c t io n  w ith  th e  Vax 1 1/785 com puter was 
employed f o r  subsequent m o le c u la r m o d e llin g . G ra p h ica l o u tp u t was 
d is p la y e d  on a T e k tro n ic s  4109 c o lo u r  te rm in a l and m o le c u la r models 
photographed d i r e c t ly  frcm  th e  screen, o r  p lo t te d  o u t u s in g  a 
T e k tro n ic s  4595 c o lo u r  in k  sp ray  p lo t t e r .  I  am in d e b te d  to  th e  
N a tio n a l F ounda tion  f o r  Cancer Research (NFCH) (U .S .A .)  g roup  a t  S t 
Andrews U n iv e rs ity  f o r  t h e i r  guidance and use o f T e k tro n ic s  hardw are .
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3 .2 .4  EXTENDED HUCKEL MOLECULAR ORBITAL CALCULATIONS
A l l  m o le c u la r o r b i t a l  c a lc u la t io n s  were made w ith  th e  extended
Huekel m ethod^^*^^^ u s in g  p u b lis h e d  a tom ic  p a r a m e t e r s . S t r u c t u r a l
(4 12 13)d a ta  were taken  from  X -ra y  s tu d ie s .  ’ * E le c t r o s ta t ic  p o te n t ia ls
( 14)were c a lc u la te d  and p lo t te d  u s in g  th e  n e t atom charges take n  frcm  
th e  extended Huekel c a lc u la t io n s .  I  thank  Dr C. G lid e w e ll f o r  
c a r ry in g  o u t th e  EHIO c a lc u la t io n s  w h ich  a re  re p o r te d  h e re in .
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3 .3  RESULTS AMD DISCUSSION
3 .3 .1  REACTIONS OF CYANIDE-AMD AQUOPëNTa CYANOFERRATE(II) WITH 
COBALAMINS: MONITORED BY ^^C-LABELLED NMR SPECTROSCOPY
As o u t l in e d  in  C hapter 2 th e re  appears to  be a la rg e  number o f
c o n f l i c t i n g  re p o r ts  about th e  ra te  o f re a c t io n  o f aquocobalam in w ith
cyan ide  in  a b io lo g ic a l  medium; w ho le  b lood  and is o to n ic  b u f fe r .
P re v io u s  p re lim in a ry  w ork u s in g  v i s ib le  e le c t r o n ic  spec troscopy  and 
14 C r a d io a c t iv e  la b e l l in g  e xp e rim e n ts  in d ic a te d  th a t  in  bo th  b u f fe r
and w hole  b lo od  th e  re a c t io n ,  a lth o u g h  e f f e c t iv e ly  i r r e v e r s ib le ,  i s
( 1^—17)ve ry  s lo w . These r e s u l t s  a re  in  c o n t ra d ic t io n  to  many re p o r ts
in  th e  m e d ica l l i t e r a t u r e  recommending H^OCb as an e x c e l le n t  a n t id o te
. f o r  p o te n t ia l ly  le t h a l  doses o f  cyan ide  p o is o n in g . A lthough  these
p re lim in a ry  s tu d ie s  gave c o n s is te n t  r e s u l t s  a t  b io lo g ic a l ly  re le v a n t
13c o n c e n tra t io n s , th e  more d e s c r ip t iv e  tech n iq ue  o f C NMR sp ec tro sco py  
w ould  enab le  any re a c t io n  t o  be m o n ito re d  in  s i t u  w ith o u t  th e  
n e c e s s ity  f o r  f u r t h e r  chem ica l m a n ip u la tio n *
S ince th e re  was no d if fe re n c e  in  th e  r a te  o f re a c t io n  u s in g  
e i t h e r  w ho le  b lood  o r  is o to n ic  b u f fe r  in  th e  ^ ^ C - la b e ll in g  e xp e rim e n ts  
f o r  convenience th e  NMR s p e c tra  were run  in  is o to n ic  phosphate b u f fe r  
(pH 7 . 2 ) .
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I n i t i a l l y  th e  spectrum  o f sodium c y a n i d e - ( 0 . 0 2 8 m o l  dm was 
re co rd ed  in  a h ig h  f i e l d  s p e c tro m e te r; t h i s  gave a resonance a t
1 Q120.9ppm a r is in g  from  u n d is s o c ia te d  hydrogen cya n id e - C. To t h is  
s o lu t io n  HgOCb (5 .6  x 10“ ^mol dm” ^ )  was added and scans were accum­
u la te d  f o r  one hour and th e n  th e  spectrum  re co rd e d . T h is  showed o n ly
13a s in g le  peak a t  120.9ppm a t t r ib u t a b le  to  H CN. On t h i s  t im e  sc a le  
th e re  was no d e te c ta b le  re a c t io n  o f th e  cyan ide  w ith  tw o - fo ld  m o la r 
excess o f H^OCb.
13When a f r e s h ly  m ixed s o lu t io n  c o n ta in in g  sodium cy a n id e - C
(O .im o l dm” ^ ) and H^OCb (0 .05m o l dm” ^ ) ,  ( tw o - fo ld  m o la r excess o f
13 13Na CN) was used o n ly  a s in g le  C resonance was o b ta in e d , a g a in  a t
120.9ppm. Only a f t e r  s e v e ra l hou rs  d id  th e  spectrum  show a decrease
in  in t e n s i t y  o f  the  HCN resonance w h ich  was re p la c e d  by a new peak a t
137oPpm a s s ig n a b le  to  d icya no co ba la m in .  ^ The two c h e m ic a lly
d is t in c t  cyan ide  l ig a n d s  o f  th e  d ic y  anocobal am in  d id  n o t, a t  90N^Iz,
show any d e te c ta b le  chem ica l s h i f t  d if fe re n c e ,  whereas th e  cyan ide
resonance f o r  th e  two iso m e rs , c r and p  , o f  aquocyanocobinam ide
e x h ib ite d  a chem ica l s h i f t  d i f fe re n c e  o f 1.1 ppm.
The i n i t i a l  p ro d u c t o f sodium n it ro p r u s s id e  p h o to ly s is  i s  aquo- 
p e n t a c y a n o f e r r a t e ( I I l ) , ^ t h i s  i s  a la b i le  d^ param agnetic  s p e c ie s . 
When th e  [F e ( I I I ) ( ^ ^ C N )^ H 2 0 ]^ “  a n io n  was added to  tw o - fo ld  m o la r 
excess o f  H^OCb no cyan ide  t r a n s fe r  to  fo rm  th e  cyano- o r d ic y a n o - 
coba lam in  was obse rved . To ensure  th a t  th e  f a i l u r e  to  observe any 
s ig n a l in  th e  re g io n  o f  137ppm cannot be a s c r ib e d  to  th e  param agnetism  
o f th e  a q u o p e n ta c y a n o fe r ra te ( I I I ) , a se t o f c o n t ro l e xpe rim en ts  were
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c a r r ie d  o u t. S pe c tra  were reco rded  on s o lu t io n s  o f th e  d ia m ag n e tic  
cyanom e ta la tes , n it ro p ru s s id e  [F e (II) (C N )g N O ]^ “ , and hexacyano- 
f e r r a t e ( I I )  [F e ( I I ) (C N ) g ]^ “ , w h ich  were t i t r a t e d  a g a in s t th e  para­
m agne tic  a qu o p e n ta cya n o fe rra te  [F e C llD fC N j^ E g O ]^ " .  These showed th a t  
th e  s p e c tra  o f th e  d ia m ag n e tic  sp e c ie s  were no t p e rtu rb e d  i n  any way 
by th e  presence o f a param agnetic  io n ,  a t  le a s t  no t a t  th e  concen­
t r a t io n s  s tu d ie d  ( t y p ic a l l y  5 .4  x IcT^m ol dm~^).
These h ig h  f i e l d  NMR e xpe rim en ts  combined w ith  i n i t i a l  * Re­
la b e l l in g  and v i s ib le  spec troscopy  s tu d ie s  prove th a t ,  w he the r in  
w ho le  b lood  o r b u f fe r ,  th e  re a c t io n  o f a q u o p e n ta c y a n o fe r ra te ( I I I )  and 
cyan ide  a t  p h y s io lo g ic a l pH i s  s low .
These r e s u l t s  a re  c o n s is te n t  w ith  those o f V / illia m s ^ ^ ^ ^  who 
re p o r te d  f o r  th e  fo rm a tio n  o f  cyanocoba lam in  from  aquocobalam in a 
va lu e  o f K > 1 0 ^ ^  b u t found , a t  c o n c e n tra t io n s  o f  2 ,5  x 10 ^mol dm"^
and pH 4 .75 ,  a h a l f - l i f e  f o r  cyanocobalam in fo rm a tio n  o f  some fo u r  and
(21) 14a h a l f  hou rs . A subsequent d e te rm in a tio n  ’ gave K = 1 .2  x 10
( 2 2 )Jencks has s tu d ie d  i n  g re a t d e ta i l  th e  re a c t io n s  o f cyan ide  and
hydrogen cyanide w ith  H^OCb and CNCb t o  fo rm  mono- and d i.-cyano
(23)d e r iv a t iv e s ,  whereas Conn has found th a t  th e  co n ju g a te  base, 
hydroxocoba lam in , does no t re a c t a t  a l l .
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3 . 3 . 2  REACTIONS OF -NITROPRUSSIDE AND AQUOCOBALAMIN 
STUDIED BY R^C NMR SPECTROSCOPY
To de te rm ine  any lo n g  te rm  d eco m p o s ition  o f th e  n it ro p ru s s id e
io n ,  (P hotograph 1) a s o lu t io n  o f  R ^C -la b e lle d  SNP (0,0054raol dm“ ^ )
was in c u b a te d  f o r  one week w ith  aquocobalam in C0.056mol dm” ^ )  a t  3?^C
in  is o to n ic  b u f fe r  pH 7 .2  (10% ^2 ^^ *  spectrum  o b ta in e d  e x h ib ite d
13no resonance f o r  mono- o r d icya n o co b a la m in - C a t  137ppm. A lthough  
th e  c o n ve rs io n  o f aquocobalam in to  cyanocoba lam in  i s  slow  a t  p h y s io ­
lo g ic a l  pH, i f  th e  n it r o p r u s s id e  io n  had decomposed to  g iv e  f r e e
cyan ide  the n  a f t e r  a p e r io d  o f  one week th e re  w ou ld  have been a
13s u f f i c i e n t  amount o f C - la b e lle d  cyanocoba lam in  to  o b ta in  a s ig n a l a t  
137ppm. T h e re fo re , i t  can be concluded th a t  ove r a p e r io d  o f  one 
.week, w ith  in c u b a t io n  a t  37^C, th e re  i s  no d eco m p o s ition  o f  th e  
n it ro p ru s s id e  io n .  S ince Ijn  v i t r o  ^^ ^C e xpe rim en ts  (C hapte r 2) 
e s ta b lis h e d  no s ig n i f ic a n t  d if fe re n c e  in  th e  ra te  o f  SNP in  w ho le  
b lood  o r  b u f fe r ,  th e n  th e  p re s e n t NMR r e s u l t s  in  b u f fe r  a re  com parable 
w ith  in c u b a t in g  SNP w ith  aquocobalam in in  w ho le  b lood  f o r  th e  same 
p e r io d .
13Combined C - la b e l l in g  NMR s tu d ie s  in  is o to n ic  b u f fe r  and th e
14 .more s e n s i t iv e  C - la b e lle d  e xp e rim e n ts  in  bo th  b u f fe r  and w ho le  b lood
(24-27)s t ro n g ly  re fu te  m e d ica l re p o r ts  in d ic a t in g  cyan ide  re le a s e  as a
r e s u l t  o f  _in v i t r o  in c u b a t io n  o f  v a r io u s  human body t is s u e s  and body
(26 ,29 )f lu id s ,  e s p e c ia l ly  whole b lo o d  w ith  sodium n it r o p r u s s id e .
Tæ125Ü 5r?ô 130
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11F ig u re  3a 90MHz '"C NMH spectrum  o f a 10:1 m o la r r a t io  o f  H^OCb and
90^ la b e lle d  SNP in  is o to n ie  b u f fe r  (10% D^O) pH 7 . 2 .
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There a re  c o n fu s in g  r e s u l t s  i n  th e  m ed ica l l i t e r a t u r e  about th e  
ra te  o f supposed re le a s e  o f cyan ide  from  th e  i n  v i t r o  in c u b a t io n  o f 
SNP w ith  w ho le  b lo o d . S pe ig e l and Kucera^^^^ s ta te  t h a t  cyan ide  
re le a s e  i s  ra p id  w ith o u t  a c tu a l ly  q u o t in g  any da ta  re le v a n t  t o  th e  
r a te  beyond th e  o b s e rv a tio n  o f 100$ decoraposj-tion o ve r th e  course o f a 
two hour d i f f u s io n  d u r in g  a n a ly s is .  Vesey e t  a i ( 2 4 ,3 1 ( a ) )  th e
re le a s e  o f cyan ide  to  be slow w ith  50$ d eco m p o s ition  in  tw en ty  m in u tes  
and o ve r 90$ d e co m p o s itio n  in  two h o u rs . In  a l a t e r  paper^^^^ th e  
same w o rke rs  re p o r t  o n ly  46$ d eco m p o s ition  o f n it ro p r u s s id e  a f t e r  
th re e  hours  i n  v i t r o  in c u b a t io n  w ith  whole b lo o d .
11The n o n - in t ru s iv e  NMR expe rim en t o f in c u b a t in g  C - la b e lle d  SNP
in  w ho le  b lood  f o r  fo u r te e n  h ou rs  in v e s t ig a te d  p re v io u s ly  in  t h i s
(31) 13depa rtm en t coup led  w ith  th e  p re s e n t n o n - in t r u s iv e  C NMR
13expe rim en t in c u b a t in g  SNP- C w ith  aquocobalam in in  is o to n ic  b u f fe r  
f o r  one week p r io r  to  re c o rd in g  th e  spectrum  has e s ta b lis h e d  no in  
v i t r o  d ecom pos ition  o f SNP i n  th e  presence o f w ho le  b lood  o r  b u f fe r .  
Those m ed ica l re p o r ts  o f cyan ide  re le a s e  a re  based on r e s u l t s  o b ta in e d  
by in t r u s iv e  methods o f a n a ly s is  (see Chapter 1, p. 4) and m e n tion  no 
p re c a u tio n s  ta ke n  to  keep th e  n it ro p r u s s id e  s o lu t io n s  away from  
l i g h t .
13When C - la b e lle d  n it ro p r u s s id e  was in c u b a te d  f o r  one week w ith  
aquocobalam in a t  37^C i n  is o to n ic  b u f fe r  as d iscu ssed  p re v io u s ly  th e  
spectrum  o b ta in e d  e x h ib ite d  no s ig n  o f a resonance a t  137ppm due to  
CNCb o r th e  t y p ic a l  AX^ n it ro p r u s s id e  spectrum  as c h a ra c te r is e d  by 
^  = 132.4;  = 134 .4 ,  and = 17.7Hz. In s te a d  a c o m p le te ly  new
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1390MHz C NMR l i n e  narrowed spectrum  o f  a 10;1 m o la r 





type  spectrum  was o b ta in e d ; = 123.6,  = 125.1,
= 142.3,  = 18.6Hz, and J j ^  = 13.0Hz. When e x a c t ly  th e
same s o lu t io n  was f r e s h ly  p repared  w ith  a m o la r r a t io  o f 10:1 H^OCb to  
13SNP- C and bhe spectrum  reco rded  im m e d ia te ly  an id e n t ic a l  AM^X^ type
spectrum  was o b ta in e d  (see F ig u re  3 a , b , c ,  ) .  TJ»ese s p e c tra  in d ic a te
th a t  SNP b inds  to  aquocobalam in im m e d ia te ly , when th e  m o la r r a t io  o f
HgOCb to  SNP i s  10:1 ,  and th a t  th e  r e s u l t in g  complex rem a ins  s ta b le
f o r  a t  le a s t  one week a t  37^C ( in  th e  absence o f l i g h t ) .  To de te rm ine
w he the r th e  presence o f th e  c o b a lt  in  V ita m in  (see Photograph 2)
i s  e s s e n t ia l f o r  t h i s  b in d in g  phenomena, o r ju s t  th e  o o r r in  r in g  ^
system w ith  se v e ra l o f i t s  s id e  amide fu n c t io n a l g roups, several,
c o n tro l NMR e xpe rim en ts  were c a r r ie d  ou t on th e  20MHz sp e c tro m e te r.
13I n i t i a l l y  n a tu ra l abundance C NMR s p e c tra  were ru n  on s e ve ra l
s o lu t io n s  c o n ta in in g  n it r o p r u s s id e  (Im o l dm and s a tu ra te d  is o to n ic
b u f fe r  (10? D^O) s o lu t io n s  o f  u rea , bov ine  serum a lbum in , m alonam ide,
and p o ly -L -a s p a ra g in e . A l l  th re e  s o lu t io n s  e x h ib ite d  no p e r tu rb a t io n
o f  th e  t y p ic a l  AX^ spectrum  o f n it ro p ru s s id e  w h ich  m ig h t r e s u l t  frcm
b in d in g  to  these compounds, a f t e r  in c u b a t io n  p e r io d s  o f up to  14 hours
a t  37°C . When a c o r r in  r in g  system , p ro to p o rp h y r in  IX , i t s e l f  was
in c u b a te d  under th e  same c o n d it io n s  and tim e s c a le  w ith  n i t ro p r u s s id e ,
13th e  r e s u l t in g  C spectrum  a ga in  showed no chem ica l s h i f t  change due
13to  b in d in g . A 90MHz C NMR spectrum  was th e n  reco rded  on a s o lu t io n  
13o f SNP- C and CNCb in  is o to n ic  b u f fe r  in  th e  m o la r r a t io  1:10 
SNP:CNCb. T h is  gave r is e  to  th e  t y p ic a l  n it ro p ru s s id e  AX^  ^ spectrum .
A l l  these  combined NMR s p e c tra  i n d i r e c t l y  p rove th a t  i f  th e  c o r r in  
r in g  i s  n o t in v o lv e d  in  th e  b in d in g  o f  th e  n it ro p ru s s id e  i t  must be 
th e  c o b a lt  m eta l atcm . In  th e  case o f cyanocobalam in th e  cyan ide  i s  
a lre a d y  bound i r r e v e r s ib ly  to  th e  c o b a lt ,  th e re fo re  no b in d in g  o f th e
IB O .D  1 5 0 .0
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F ig u re  4 90MHZ C NMR spectrum  o f a 1:1 m o la r r a t io  o f  H^OCb and 90% 
la b e l le d  SNP in  b u f fe r  pH 7 .2 .
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11F ig u re  5 90MHz C NMR spectrum  o f a 1 .5 :1  m o la r r a t io  o f  H^OCb and
90% la b e l le d  SNP in  b u f fe r  pH 7 .2 .
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n it ro p ru s s id e  io n  can take  p lace  ; a normal spectrum o f n it ro p ru s s id e
was o b ta in e d . No d i r e c t  ev idence  in  t h i s  in s ta n c e  co u ld  be o b ta in e d
5 0  5 0by em ploying  Co NMR s in ce  no Co resonances in  s o lu t io n s  o f e i t h e r
aquocobalam in o r o f cyanocobalam in were d e te c te d . T h is  i s  n o t
s u rp r is in g  s in ce  a lth o u g h  has I  = 7 /2 ,  and i s  100% abundant, i t
' *“2 8 2 has a q ua d rupo le  mcxnent o f 0 .4  x lO”  cm ; a q ua d ru po le  manent o f t h i s
59in te rm e d ia te  m agnitude makes Co l in e w id th s  s e n s i t iv e  to  e le c t r i c a l  
f i e l d  g ra d ie n ts  a t  th e  c o b a lt  and th e re fo re  th e  symmetry about th e  
c o b a lt  a tom .^^^ *^^^  The s t ru c tu re  o f most c o b a l t ( I I I )  compounds i s  
based on an o c ta h e d ra l a rra y  o f  s ix  l ig a n d s  s u rro u n d in g  th e  c o b a lt ;  
s t ru c tu re s  h av ing  lo w e r symmetry r e s u l t  in  lo w e r e le c t r i c  f i e l d  
g ra d ie n ts  and hence v a s t  degrees o f l i n e  b roaden ing . For n e i th e r  CNCb 
n o r HgOCb has any spectrum  been o b ta in e d  because o f th e  low  symmetry 
around th e  c o b a lt  atcxn. The peaks may be so broad th a t  they cannot be 
d is t in g u is h e d  frcxn th e  base l i n e .
To de te rm ine  more in fo rm a t io n  about th e  b in d in g  o f  n it ro p ru s s id e  
to  aquocobalam in a se t o f NMR s p e c tra  were ru n  on s o lu t io n s  o f v a ry in g  
s to ic h io m e tr ie s  o f  ^ ^ C - la b e lle d  n it ro p ru s s id e  (5 .4  x 10"^mol dm~^) and 
aquocobalam in in  10% D^O is o to n ic  b u f fe r .
I n i t i a l l y  an e q u im o la r q u a n t i ty  o f aquocobalam in was added to  
n it ro p ru s s id e  and th e  c h a r a c te r is t ic  SNP spectrum  = 132 .4 ,
~ 134. 4 , and = 17.7Hz) was r a p id ly  and c o m p le te ly  co n ve rte d  to  
a q u i te  d i f f e r e n t  AX^  ^ spectrum  c h a ra c te r is e d  by = 143*3,  =
130. 7 , and = l8 .9Hz (see F ig u re  4 ) .  When a second m o la r e q u iv ­
a le n t  o f SNP was added, th e  r e s u l t in g  spectrum  was th e  summation o f  
th e  two AX^ s p e c tra . On th e  NMR tim e  sca le  th e re  was no f a s t  exchange
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between th e  two p s n ta c y a n o fe r ra te  s p e c ie s . On c lo s e r  s tudy  o f  the  
spectrum  i t  was no ted  th a t  th e  a d d it io n  o f aquocobalam in to  n i t r o ­
p ru s s id e  a t  e q u im o la r c o n c e n tra t io n s  r e s u l t s  in  th e  e q u a to r ia l re so ­
nance moving to  lo w e r fre q u e n cy  by about 4ppm, w h ile  th e  a x ia l
resonance ( -S moved to  h ig h e r  fre qu e ncy  by 11 ppm. These changes a re
(Qg 36)com parable w ith  those  observed ’ f o r  th e  c a rb o n y l resonances o f  
p o ly n u c le a r m e ta l c a rb o n y l s p e c ie s . In  these  sp ec ie s  th e  resonance o f 
th e  c a rb o n y l l ig a n d  th a t  i s  c o -o rd in a te d  a t  th e  oxygen by th e  Lew is  
a c id  moves to  much h ig h e r  fre q u e n c y , w h ile  th e  re m a in in g  c a rb o n y l 
resonances g e n e ra lly  moved to  s l i g h t l y  lo w e r fre q u e n c y . The new AX^ 
type  spectrum  can be a ss igned  to  n it ro p ru s s id e  bound to  V ita m in  
where th e  a x ia l  cyano l ig a n d  o f  th e  n it ro p ru s s id e  i s  c o -o rd in a te d  v ia  
n it ro g e n  to  th e  c o b a l t ( I I I )  o f  th e  coba lam in , S pecies 1 (see Photo­
graph 3 ) .  When n it ro p r u s s id e  i s  i n  m o la r excess over aquocobalam in, 
.on th e  NMIÎ t im e  s c a le  th e re  i s  no f a s t  exchange between f r e e  and bound 
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Tlrie i n i t i a l  spectrum  (F ig u re  3) was o b ta in e d  as a r e s u l t  o f
SNP w ith  aquocobalam in in  a t e n - f o ld  m o la r excess can be e x p la in e d  by 
S pecies 2 (P hotographs 4 and 5 ) .






The M and X resonances a re  those  o f th e  two tra n s  p a ir s  o f  e q u a to r ia l 
cyano lig a n d s  in  th e  new S pecies 2 , w h ile  th e  A resonance i s  th a t  o f 
th e  unique a x ia l  l ig a n d .  The two c o -o rd in a te d  cyano l ig a n d s  o f 
S pecies 2 a re  those  th a t  show th e  h ig h  fre qu e ncy  s h i f t  o f  8ppm 
(unbound = 134.4ppm, bound = l4 2 .3 p p m ). The o th e r  cyano 
l ig a n d s  a l l  e x h ib ite d  a low  fre qu e ncy  s h i f t  o f  x^ '9ppm  f o r  bo th  a x ia l  
and e q u a to r ia l l ig a n d s  (unbound = 132.4,  ^  = 134 .4 ;  bound
^  ^  = 123.6 ,  = 125.1ppm ),
I-------------------1—160 .0 1 5 0 . 0  1 4 0 . 0  1 3 0 . 0  1 2 0 . 0  1 1 0 . 0
1190MHz -^ C NMR spectrum  o f a 2 :1  m o la r r a t io  o f HgOCb and 90% 
la b e l le d  SNP in  b u f fe r  pH 7 .2 .
1bO > D 1 5 0 . 0 140.0P P M 1 3 0 . 0  1 2 0 . 0
Flgure_6jb 90MFIz C NMR spectrum  o f a 2 ; 1.5 m o la r r a t io  o f H^OCb and 
90? la b e l le d  SNP in  b u f fe r  pH 7 .2 .
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When an a d d it io n a l one h a l f  m o la r e q u iv a le n t o f  aquocobalam in was 
added to  S pecies 1 (F ig u re  4 ) ,  th e  spectrum  was re p la c e d  by th e  
summation o f  th e  s p e c tra  o f S pecies 1 and 2 (F ig u re  5 ) .  T h is  in d i ­
c a te s  th a t  th e re  was no f a s t  exchange between th e  two sp e c ie s . When 
a p p ro x im a te ly  a one h a l f  m o la r e q u iv a le n t o f n it ro p ru s s id e  was added 
to  a s o lu t io n  o f S pecies 2 (F ig u re  6a ) ,  v i r t u a l l y  a l l  o f  Species 2 was 
co nve rte d  back to  S pec ies  1 w i th in  a few m inu tes  (F ig u re  6 b ) .  I t  i s  
p o s s ib le  to  observe a l l  th re e  sp ec ies  ( [Fe(^^CN)^NO]^“  and i t s  1:1 and 
1:2  adducts  w ith  coba lam in ) independent o f one a n o th e r by a d ju s t in g  
th e  r e la t iv e  c o n c e n tra t io n s .
2—In  com parison w ith  th e  l in e  w id th  observed f o r  [Fe(GN)^N03 ” , th e  
new s p e c tra  in d ic a te  no p e rc e p t ib le  l in e  w id th  b ro ad e n in g . Hence an 
app rox im a te  upper l i m i t  on th e  r a te  o f  any exchange processes 
in v o lv in g  [Fe(C N )^N O ]^" and S pecies 1 and 2 i s  1s” ^.  N e ve rth e le ss , 
th e  ready c o n ve rs io n  o f  S pecies 1 to  2 by a d d it io n  o f  aquocobalam in 
and th e  re v e rse  tra n s fo rm a t io n  by th e  a d d it io n  o f f u r t h e r  amounts o f 
n it ro p r u s s id e  in d ic a te  th a t  th e  e q u i l i b r ia  a re  re a son a b ly  m o b ile .
A l l  s p e c tra  were co n firm e d  by a NMR s p in  s im u la t io n  program 
"S im eq" .  T h is  program w orks by p ro d u c in g  a H a m ilto n ia n  f o r  th e  d e s ire d  
s p in  system , u s in g  m agne tic  e q u iva le n ce  fa c to r in g  to  reduce th e  
H a m ilto n ia n  m a tr ix  to  manageable p ro p o r t io n s .  The advantage o f 
"S im eq" i s  i t s  p ro v is io n  f o r  th e  s p e c tra  o f th re e  t o t a l l y  independent 
s p in  systems to  be added i n  th e  a p p ro p r ia te  r a t io s .  In  th e  case o f
19 IQth e  observed C spectrum  o f th e  1 :2  90? n it r o p r u s s id e -  CrH^OCb 
system a c h a r a c te r is t ic  AM^X^ ty p e  spectrum  was i n i t i a l l y  su b je c te d  to
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Figure , 7 90? e n richm en t o f in  a 1 :2  adduct (S p ec ies  2 ) w ith  SNP 
and HgOCb* In  each o f th e  th re e  system s above th e  c o u p lin g  co n s ta n t 
and s p l i t t i n g  p a t te rn  was co ns ide re d  as shown in  Tab le  2 .
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s p in  s im u la t io n  f o r  th re e  independent systems (F ig u re  7 and Tab le  2 ) .
Tab le  2
C oup ling  c o n s ta n ts  and s p l i t t i n g  p a t te rn  o f  th e  th re e  independent 
system s.
Spectrum Type C oup ling  C onstan ts  (J /Hz)
= J . „  A : q u in te t  18.6AM AX
M : doub le  t r i p l e t  J.j 18 .6 ,  13.0
X : doub le  t r i p l e t  J.j 18 .6 ,  13.0
AMXg
*^ AM "  *^ AX ^ * q u a r te t  18.6
M : doub le  t r i p l e t  J.j 18 .6 ,  13.0
X : doub le  t r i p l e t  J.j 1 8 .6 .  13.0
AMgX
Jam = J&X ^ * q u a r te t  ° 18.6
M : doub le  t r i p l e t  18.6 ,  13.0
X : doub le  t r i p l e t  J.j 18 .6 ,  13.0
These th re e  independen t system s gave th e  c o r re c t  s p e c tra . Then th e  
th re e  systems AM^X^, AMX^, and AM^X were combined in  th e  c o r re c t  
in t e n s i t y  r a t io  59?» 13.1?» and 13.1? r e s p e c t iv e ly .  The com plete s p in  
s im u la t io n  was s u c c e s s fu l and gave th e  c o r re c t  shape and l i n e  sequence 
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3 .3 .3  REACTION OF ‘^ ^G-LABELLED-HEXACYAMOFERflATEClD WITH 
AQUOCOBALAMIN: STUDIED BY HIGH-FIELD NMR
To de te rm ine  w he the r th e  b in d in g  o f  n it ro p r u s s id e  to  coba lam in  i s  
s p e c i f ic  to  th e  n i t r o s y l  l ig a n d  a s e r ie s  o f  s im i la r  e xpe rim en ts  u s in g  
h e x a c y a n o fe r ra te ( I I )  in s te a d  o f  n it ro p ru s s id e  was u n d e rtake n .
13 13 M—In  is o to n ic  b u f fe r  th e  C NMR spectrum  o f [F e ( CN)^] ~ c o n s is ts
o f  a s in g le t ,  h av ing  <6 = 177.7ppm and A ltho u gh  th e  90?
e n ric h e d  h e x a c y a n o fe rra te s -^ ^C  i s  35.4? [F e (^^C N )( ^^CN)^]^*“ no re s o ­
nance f o r  t h i s  sp e c ie s  was d e te c te d . C onsequently , i t  can be con-
12e luded  th a t  th e  is o to p ic  chem ica l s h i f t  d if fe re n c e  between [F e ( GN)~
(^^C N )^ ]^  a.nd [F e (^^C N )^ ]^  i s  le s s  th a n  0.05pp«i. In  a d d it io n  th e
13 12C n u c le i c is  and t ra n s  to  th e  CN lig a n d  o f th e  fo rm e r sp e c ie s  a re
13e f f e c t iv e ly  iso ch ron o us  a t  90MtIz C resonance.
I n i t i a l l y ,  an e q u im o la r q u a n t i ty  o f H^OCb (5 .4  x 10” ^mol dm"^)
13was added to  h e x a c y a n o fe r ra te ( I I ) -  C and th e  r e s u l t in g  spectrum
co n ta in e d  two s in g le ts  o f a p p ro x im a te ly  equal in t e n s i t y  (see F ig u re  9)
a s s ig n a b le  to  f r e e  ( = 177-7ppm) and bound ( ^  = 174.1ppm, V -|^2 ~
13 4—20Hz) [F e ( CN)^] “ . When two m o la r e q u iv a le n ts  o f  aquocobalam in w ere
added to  h e x a c y a n o fe r ra te ( I I )  th e  s in g le t  due to  f r e e  [F e (^ ^ C N )^ ]^ "
13 4—was a lm os t c o m p le te ly  suppressed, th e  bound [F e ( CN)^] "" resonance a t  
174.1 ppm rem ained and two new resonances appeared a t  I69.2pp«i and 
181.5ppni (F ig u re  1 0 ) . When th e  m o la r r a t io  was in c re a s e d  to  1:5 
[F e (^ ^ C N )^ ]^ "  t o  aquocoba lam in  o n ly  th e  resonances a t  169.2 and 
181 .5ppm rem ained (F ig u re  1 1 ). Both resonances were r a th e r  b road ,
1 5 0 . 01 7 0 , 0r 160.0190 .0
1 ?90MHz *^ C N I^  spectrum  o f  a 1:1 m o la r r a t io  o f  H^OCb and 90? 
la b e l le d  sodium h e x a c y a n o fe r ra te ( I I )  in  is o to n ic  b u f fe r  pH 7 .2 .
T
1 9 0 .0
11ü iE U re  .10 90MHz '’ C NMR spectrum  o f a 2 :1  m o la r r a t io  o f H^OCb and 90? 
la b e l le d  sodium h e x a c y a n o fe r ra te ( I I )  in  is o to n ic  b u f fe r  pH 7 .2 .
1 6 0 . 01 7 0 . 01 8 0 . 0 PPM
1-3JEigur.e .11 90MHz *^ C NMR spectrum  o f  a 5 :1  m o la r r a t io  o f  H.OCb and 90% 
la b e l le d  sodium hexacyano fe r r a t e ( I I )  in  is o to n ie  b u f fe r  pH 7 .2 .
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u n re so lve d  m u l t ip le t s  from w hich  no c o u p lin g  d a ta  co u ld  be o b ta in e d  in  
th e  s o lu t io n  s ta te . At f i v e - f o l d  m o la r excess o f aquocobalam in th e  
two resonances a t  162.2 and l 8 l . 5ppm rem ained i n  th e  app rox im a te  
in t e n s i t y  r a t io  o f 2 :1 ,  As expected , when CNCb was used i n  p lace  o f
1 ^ it.*.HgOCb th e  spectrum  o f [Fe ( CN)g] rem ained u n p e rtu rb e d  a t  any m o la r 
r a t io .
A lthough  th e  s o lu t io n  s ta te  spectra o f th e  [Fe(-CN)g3^ :H20Cb 
system do no t a llo w  d e f in i t i v e  in te r p r e ta t io n ,  i t  i s  e v id e n t th a t  
b in d in g  d id  o c c u r, and i t  was preven ted  by b lo c k in g  th e  a x ia l  s i t e  o f
4
th e  c o b a lt  w ith  cyan ide  (cya n oco b a la m in ). The absence o f re s o lv a b le  ij
if in e  s tru c tu re  d id  n o t a llo w  p o s i t iv e  id e n t i f i c a t io n  o f a 1:1 complex i
Io f  h e xa c y a n o fe rra te  and aquocobalam in (Photograph 6 ) o r  o f a 1 :2  4
1complex (Photograph 7 ) .  I t  i s  p roba b le  th a t  th e  new com plexes c o n ta in  1
Fe-C-N” Co fra gm en ts  and i f  the  te n ta t iv e  ass ignm ents  o f  th e  two new j
1 3 4s p e c ie s  as 1:1 and 1 :2  complexes a re  c o r re c t ,  th e n  th e  C chem ica l 1
s h i f t s  o f th e  cyano lig a n d s  e x h ib ite d  th e  same tre n d s  upon com- i|■I1p le x a t io n  as those  in  th e  n it ro p ru s s id e  (see Tab le  3 ) .  1
i
IIn  th e  case o f f r e e  n it ro p ru s s id e  and i t s  1:1 (S pec ies  1) and 1 :2  1
(S pec ies  2) a dd u c ts  w ith  coba lam in  th e re  was no f a s t  exchange on th e  j
1
NMR tim e  sca le  between the  species. Upon change o f th e  m o la r r a t io  o f j
i
n itro p russ id e :H pO C b  th e  in te rc o n v e rs io n  between these  sp ec ies  o ccu rre d  -i
r e a d i ly  w ith in ,  a t  m ost, a few m in u tes . The la c k  o f  re s o lv a b le  f in e  ,|
s t r u c tu r e  in  the  s p e c tra  o f [F e (^^C N )^ ] and i t ’ s complexes w ith  j
• i
coba lam in  cou ld  be due to  f lu x io n a l  p rocesses be ing  f a s t e r  in  j
2_ ' icom parison to  th e  [Fe(CN)^NO] rH^OCb system . In  th e  1:1 com plex, 1|
f a s t  s i t e  exchange in v o lv in g  m o b i l i t y  o f th e  coba lam in  fra gm en t o ve r
1 4 0 . 0 1 3 0 .0PPM
13F ig u re  12 90MHz C NMR spectrum  o f a 2 :1  m o la r r a t io  o f  aquom ethy l-
coba lox im e and 9056 la b e l le d  SNP in  m e tha n o l-d ^ .
-  61
s ix  e q u iv a le n t  cyano lig a n d s  in  [F e (C N )^ ]^ "  c o u ld  accoun t f o r  th e
sharp  s in g le t  a t  174.1ppm. S im i la r ly ,  in  th e  1 :2  complex th e  two
broad u n reso lve d  s ig n a ls  a t  169.2 and I8 l.5 p pm  co u ld  be due to  the
o nse t o f s i t e  exchange w i t h in  an A system . In  c o n c lu s io n  th e
[Fe(CN)g3^*" s p e c tra  have proved th a t  th e  n i t r o s y l  l ig a n d  in  th e
n it ro p ru s s id e  io n  i s  n o t c r u c ia l  to  th e  b in d in g  t o  coba lam in . The
occurrence  o f f l u x io n a l i t y  in  th e  [F e (C N )g ]^ “':a qu o  coba lam in  system s
13has n o t been a de q ua te ly  p roven  by these  s o lu t io n  s ta te  *^ C NMR 
s tu d ie s .
In  th e  c h o n ic a l l i t e r a t u r e ,  th e  b in d in g  o f  n it ro p ru s s id e  to
coba lam in  v ia  a b r id g in g  cyano l ig a n d ,  i . e .  Co-N-C-Fe, i s  s im i la r  to
th e  in te rm e d ia te  i s o la ted^^^^ from  th e  redox r e a c t io n  between
[F e ( I I I ) ( C N ) g ]^ “  and [C o (II)C C N ) ]3~ o f  c o m p o s itio n  [(C N ) C o ( I I I ) ~
N C F e ( I I ) S u b s e q u e n t l y ,  a s im i la r  in te rm e d ia te  [(S D TA )-
C o ( I I I ) “" N C F e(II) (CN)_ was d e te c ted ^^^^  in  th e  redox re a c t io n  o fb
[F e ( m ) ( C N ) g ]^ " ' and [C o ( I I )  (EDTA) From b o th  th e  c r y s ta l  f i e l d
model and th e  a n g u la r o v e r la p  model f o r  an a p p ro x im a te ly  sqm  re  
pyra m id a l fragm ent C o ( I I I ) L ^ ,  c o n ta in in g  s p in -p a ire d  c o b a l t ( I I J ) ,  bo th  
methods in d i.c a te  th a t  th e  LUMO i s  composed p r im a r i ly  o f  th e  d^« 
o r b i t a l  o f c o b a lt ,  d ire c te d  a lo n g  th e  f o u r - f o ld  symmetry axes. Conse­
q u e n tly ,  n u o le o p h il ic  a n io n s , such as c y a n o fe r ra te s , may be expected
130.0 1 2 0 . 0
1390MHz C NMR spectrinn o f a 5 :1  m o la r r a t io  o f  aquom ethy l-
coba lox im e and 90% la b e l le d  SNP in  m e th a n o l-d ^ .
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to  b in d  to  o th e r  s p in -p a ire d  o o b a l t ( I I I )  system s c o n ta in in g  a r e a d i ly
13d is p la c e a b le  w a te r l ig a n d .  A s e r ie s  o f C NMR s p e c tra l s tu d ie s  was
c a r r ie d  o u t u s in g  a v a r ie ty  o f s to ic h io m e t r ic  m ix tu re s  o f e i th e r ,
[Fe(CM)^NO] “  o r [Fe(C N )g ] w ith  an analogue o f V ita m in  namely
aquom ethylcobaloxim e [CH^Co(dmg)2H20] (Photographs 8 and 9 ) -  In
s tu d y in g  th e  s p e c tra l p e r tu rb a t io n  o f n it ro p ru s s id e  caused by the
a d d it io n  o f coba lox im e m e thano l-d^  was used as th e  s o lv e n t s ince  the
s o lu b i l i t y  o f  th e  coba loxim e in  phosphate b u f fe r  i s  v e ry  low .
I n i t i a l l y ,  a spectrum  o f [Fe(^^CN)gNO]^~ in  m e tha n o l-d ^  was reco rded .
T h is  e x h iD ite d  an type  spectrum  c h a ra c te r is e d  by 128 .2 ,
S 129.7ppm, and l8 .3 H z . Inc re m e n ta l a d d it io n  o f a l iq u o ts  o f
[CH^Co(dmg)gHgO] caused i n i t i a l l y  th e  appearance o f  a second AX^ j
spectrum  ^ 126 .6 , 128.5ppm, and 19.2Hz (see F ig u re
1 2 ). Only a t  h ig h e r  r a t io s ,  ^  5 :1  [CH^Co(dmg)gHgO]:SNP, d id  a weak
AP^Xg type  spectrum  appear (see F ig u re  1 3 ). N it ro p ru s s id e  in  the
unbound form  a t  such h ig h  r a t io s  o f  Co:Fe i s  th e  m a jo r component o f 
13th e  C NMR spectrum . I t  can be concluded th a t  th e  b in d in g  between 
n it ro p ru s s id e  and coba loxim e i s  much weaker than  in  th e  
n i t r o p r u s s id e ; coba lam in  system .
As in  th e  n it ro p ru s s id e  .‘ aquocobalam in in te r a c t io n s ,  th e  new AX.
spectrum  o f th e  [Fe(CN)^N0 ]^":[C H gC o(dm g)2H20 ] was ass igned  to  a 1:1
adduct w ith  a Fe-C-N-Co m o ie ty  (Photograph 1 0 ). Chemical s h i f t
changes due to  co m p lexa tio n  o f n it ro p ru s s id e  and aquom ethylcobaloxim e 
13in  th e  C spectrum  a re  sm a ll in  com parison to  th e  aquocobalam in
59com plexes. N e ve rth e le s s  f o r  com parison th e  Co chem ica l s h i f t  o f 
[CHgCo(dmg)2-  H2O] in  m ethanol was reco rded  r e la t iv e  to  Kg[Co(CN)^] 
and found  to  be 42T0ppm (F ig u re  I4 a ) .  On a d d it io n  o f  tw o - fo ld  m o la r
.J
4 5 0 0 . 0 4000  ,0  
PPM 3 5 0 0 .0
Fj.mige _14a 85MHz NMR spectrum  o f  aqucm ethy lcoba l oxime in
m e th a n o l-d y .
3 5 0 0 . 04 0 0 0 . 04500  .0 PPM
£jf£UT.e 85MHz NMR spectrum  o f a 1 :2  m o la r r a t io  o f  aquom ethyl­
coba loxim e and SNP in  m e th a n o l-d ^ .
1 7 0 . 01 8 0 . 0 PPM
13iligyrg_-15. 90MHz C NMR speotrum o f a 1:1 m o la r r a t io  o f aquom ethyl­
coba lox im e  and 90/ê la b e l le d  sodium h e x a o y a n o fe r ra te ( I I )  in  is o to n ie  
b u f fe r  pH 7 .2 .
1 7 0 . 0180 . 0 PPM
13F ig u re  16 90MHz C NMR spectrum  o f a 5 :1  m o la r r a t io  o f  aquom ethyl­
coba loxim e and 90^ la b e l le d  sodium hexacyanofe r r a t e ( I I )  in  is o to n ie  
b u f fe r  pH 7 .2 .
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excess o f n it ro p ru s s id e  th e  resonance a t  4270ppm was a lm ost co m p le te ly  
re p la ce d  by a new resonance a t  3890ppm (F ig u re  1 4 b ). T h e re fo re , th e  
1:1 adduct fo rm a tio n  i s  r e a l .  F ig u re  13 e x h ib i t s  th e  p robab le  
fo rm a tio n  o f  an type  system a t  h ig h  ( ^ 5 :1 )  r a t io s  o f Co:Fe
in d ic a t in g  a 2 :1  complex (Photograph 1 1 ).
To assess th e  n e c e s s ity  o f th e  n i t r o s y l  g roup  o f  n it ro p ru s s id e  in
th e  fo rm a tio n  o f [CHgCb(dmg)2H20 ]:[F e (C N )^N 0]^~  com plexes, a s e r ie s  o f
13 4*-C NMR s p e c tra  were reco rded  o f  v a r io u s  m o la r r a t io s  o f [Fe(CN)^3
and aquomethylCObaloxime in  phosphate b u f fe r ,  pH 7 .2 .  In  th e  spectrum  
o f  a 1:1 m ix tu re , a s in g le t  ^  = 177. 7pfxn ass igned  to  unbound
"I O
[F e ( CN)^] was th e  m a jo r component. A t le s s  th a n  o n e -te n th  the  
in te n s i t y  o f th e  s in g le t  a t  177.7ppm a second s in g le t  S  = 1 7 7 .Ippm 
was p re se n t (F ig u re  1 5 ). Two new weak resonances appeared a t  ^  = 
173.9 and ^  = 178.5ppn in  an app rox im a te  2:1 in t e n s i t y  r a t io  
r e s p e c t iv e ly  a t  h ig h  r a t io s  ( > 5 : 1 )  o f  Co;Fe (F ig u re  1 6 ). A lthough  
th e  la c k  o f  re s o lv a b le  c o u p lin g s  p re v e n ts  d e f in i t e  in t e r p r e ta t io n ,  th e  
new resonances may in d ic a te  1:1 (P hotographs 12 and 13) and 1:2 
(Photographs 14 and 15) h e xa o ya n o fe rra te :a q u o m e th y lco b a lo x im e  
com plexes. T h e re fo re  th e  n i t r o s y l  g roup i s  n o t c r u c ia l  f o r  the  
com plex ing  o f  cya no fe r râ te s  w ith  th e  V ita m in  8 ^2^ analogue 
[CH Co(dmg)2H20 ] (see Table 3 ) .
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3 .3 .5  SOLID-STATE NMR
13As a res iJL t o f  th e  s o lu t io n  s ta te  C NMR o b ta in e d  showing a
13p o s s ib le  f lu x io n a l  in t e r a c t io n  o f C ~ la b e lle d  sodium h e x a c y a n o fe rra te  
and HgOCb (see p. 59) a s o l id  s ta te  NMR s tudy  was unde rtaken  to  
in v e s t ig a te  th e  in t e r a c t io n  o f a 1:1 mole r a t i o  m ix tu re  o f hexacyano- 
f e r r a te  and H^OCb.
I n i t i a l l y  a Cross P o la r is a t io n  Magic Angle S p in n in g  (CPMAS)^^^
13C s o l id  s ta te  NMR spectrum  was o b ta in e d  o f  V ita m in  aquo-
coba lam in  (F ig u re  1 7 ) . Chemical s h i f t s  were ass igned  (see Tab le  4 and
F ig u re  18) by com parison w ith  th e  s o lu t io n  s ta te  spectrum  o f cyano-
c o b a la m in .^ ^ ^ *^ ^ *^ ^ ^  A s o l id  s ta te  CPMAS spectrum  reco rded  o f  Na^-
[F e (II) (^ ^C N )^3 .lO H p O  i s  shown in  F ig u re  19. In  t h i s  mode th e
spectrum  i s  co m p lica te d  w ith  a la rg e  'number o f s p in n in g  s id e  bands
(d e s ig n a te d  * ) .  These s p in n in g  s id e  bands a re  p re s e n t in  such la rg e
13numbers because th e  sodium h e x a c y a n o fe rra te  i s  90% C - la b e lle d .  In  
th e  h e x a c y a n o fe rra te  spectrum  o n ly  those  peaks a t  1 87 .9 , 174 .5 , and 
17Ippm ( r e la t i v e  to  TMS) a re  c e n tre  bands. In te g r a t io n  o f th e  s ide  
bands and c e n tre  peaks g iv e s  a r a t i o  o f 0 .57  f o r  th e  resonance a t 
I87«9ppm to  th e  combined in te g r a t io n  o f  1 .00 f o r  th e  peaks a t  174.5 
and 17Ippm. These th re e  peaks may co rrespond  to  th e  th re e  unique 
cyan ide  env ironm en ts  o f th e  c r y s ta l  s t r u c tu re  o f sodium hexa- 
c y a n o f e r r a t e . I n  th e  c r y s ta l  s t r u c tu re  th e re  a re  th re e  c ry s -  
t a l lo g r a p h ic a l ly  d i f f e r e n t  cyan ide  groups, i . e .  th re e  p a ir s  o f  
m u tu a lly  t ra n s  cyano l ig a n d s .  These d is t in c t  g roups show m inor 





















i r  46
15"^^'^3 '^ 47

















18 The lUPAC num bering sohene i l l u s t r a t i n g  th e  a tom ic  
c o n n e c t iv ity  o f aquocobalam in (hydrogen atoms o m it te d ) .
6Bf :




























i n  th e  c o -o rd in a t io n  o f  each to  th e  te rm in a l n it ro g e n  atom s. In  each 
1 ^ 4—[ F e ( I I ) (  CN)^] ~ o c tahed ron  in  one p a i r  o f cyano l ig a n d s  th e  two 
n it ro g e n s  a re  each c o -o rd in a te d  to  th re e  sodium io n s , th e  n i.tro g e n  
atoms o f  two o th e r  cyano lig a n d s  a re  each c o -o rd in a te d  to  one sodium 
io n  and fo rm  a hydrogen bond w ith  one m o lecu le  o f w a te r , th e  te rm in a l 
n it ro g e n  atoms o f th e  t h i r d  p a i r  o f cyano lig a n d s  fo rm  hydrogen bonds 
to  th re e  w a te r m o le cu le s .
Table  4
Assignm ents r e fe r  to  num bering i n  F ig u re  18.
lu t io n  S ta te S o lid  S ta te Assignm ent
(ppm) (ppm)
















8 6 .2 , 88.1 86.68 I r  R1
83.1 83.44 R4
7 4 .3 , 74 .0 74 ,38 R2, R3
70 .0 70.73 Pr2
60.2 60.33 2
57.6 56.50 3
5 6 .8 , 55 .0 54.67 8, 13
52.3 52 ,0 7
4 9 .2 , 48 .4 49.0 12, 17
46.5 44.0 P ri
4 3 .7 , 43.9 43.5 Acetam ide CH
40.0 41.43 18
3 5 .8 , 35.5 35.11 Propionam ide
, 3 1 .1 , 3 2 .2 , 32 .6 32 .0 47, 55, Acet
29.9 29 48
26 .8 26.5 30, 41
19.9 20.35 46, 20, 25
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13The s o lu t io n  s ta te  C NMR spectrum  o f sodium h e x a c y a n o fe rra te
c o n s is ts  o f  a s in g le t ,  = 177.7ppm and 5Hz. T h is  s in g le t  i s
1 ?an average o f the  th re e  independen t s in g le ts  no ted  i n  th e  ''C s o l id  
s ta te  Nl-IR spec trum .
13 13When a C s o l id  s ta te  NI'IR spectrum  o f 1:1 mole r a t i o  o f C-
la b e l le d  h e x a c y a n o fe rra te  was re c o rd e d  u s in g  CPMAS th e  peaks a t
2 87 .57 , 2 7 8 .5 ; 2 6 6 .8 , and 175.47ppm became v e ry  b road  (see F ig u re  20)
in d ic a t in g  a decrease in  r e s o lu t io n  i n  com parison w ith  th e  in d iv iu a l
CPMAS s p e c tra  o f bo th  h e x a c y a n o fe rra te  and aquocoba lam in . T h is
decrease in  r e s o lu t io n  in d ic a te s  a decrease o f c r y s t a l l i n i t y  and hence
b in d in g  in te r a c t io n s  o f  th e  two s p e c ie s . To s im p l i f y  th e  spectrum  o f
13th e  sample, a s o l id  s ta te  C NMR spectrum  was re co rd ed  u s in g  both
/ o\
CPMAS and TOSS modes (F ig u re  2 1 a ) .  As a r e s u l t  th e  th re e  broad
peaks a t  287 .57 , 2 7 8 .5 , and 266.8ppm o f th e  CPMAS spectrum  (F ig u re  20)
d isappea red , le a v in g  a broad resonance a t  1 7 8 .Ippm. T h is  peak
13co rresponds to  th e  c e n tre  band o f th e  C - la b e lle d  h e x a c y a n o fe rra te  
(see F ig u re  19) and C^^, C^, and C^ o f  th e  coba lam in , i . e .  th e  
carbons in  th e  c o r r in  r in g  d i r e c t l y  a tta ch e d  to  a n it ro g e n  atom by a 
doub le  bond (see T ab le  4 and F ig u re s  17 and 1 8 ). In  an a tte m p t to  
f u r t h e r  s im p l i fy  th e  spectrum  th e  sample was s u b je c te d  to  CPMAS and 
NQS^^^ modes (see F ig u re  2 1 b ). T h is  removes peaks fro m  th e  spectrum  
w h ich  co rrespond  to  n o n -q u a te rn a ry  carbon  atoms, w ith  th e  e x c e p tio n  o f 
th e  m e th y l ca rbons . T h is  r e s u lte d  in  th e  lo s s  o f  th e  p rop ionam ide  
^ -C H g , th e  acetam ide CH^, C^^, C^, C^^, e tc  o f  th e  c o r r in  r in g ,  bu t 






































In  com paring a l l  th e  s p e c tra  o f th e  1:1 mole r a t i o  hexacyano­
f e r r a te :  HgOCb (F ig u re s  20 and 2 1 a ,b ) i t  i s  a pp a re n t t h a t  th e  carbon
atoms a tta ch e d  d i r e c t l y  by doub le  bonds to  th e  l i g a t i n g  n it ro g e n s  o f
th e  c o r r in  r in g  a re  a lw ays go ing  to  have a s im i la r  resonance to  th e
IQ CN o f  th e  h e x a c y a n o fe rra te  m aking in t e r p r e ta t io n  d i f f i c u l t .  
N e v e rth e le s s , th e  f a c t  t h a t  th e  s p in n in g  s id e  bands and th e  c e n tre  
band o f  the  h e x a c y a n o fe rra te  have become v e ry  broad in  com parison w ith  
th e  l in e  w id th s  o f  th e  carbons o f  unbound h e x a c y a n o fe rra te  and 
coba lam in  observed between in d ic a te s  n e t o n ly  b in d in g , b u t t h a t  a t  
25^C th e re  i s  s t i l l  f lu x io n a l  b eh a v io u r in  th e  1:1 complex on th e  NMR 
tim e s c a le  in  th e  s o l id  s ta te .  There i s  f u r t h e r  ev idence  o f 
in te r a c t io n  found  by com paring th e  CPMAS spectrum  o f  H^OCb (F ig u re  17) 
w ith  th e  1:1 sample CPMAS spectrum  (F ig u re  2 0 ) .  There a re  s l ig h t  
•changes in  chem ica l s h i f t  and g e n e ra l shape o f th e  peaks in  th e  re g io n  
o f  20 to  87ppm in  th e  1:1 sample o f h e x a c y a n o fe rra te ;H2 ÜCb. T h is  
re g io n  in c lu d e s  th e  p e r ip h e ra l acetam ide and p rop ionam ide  carbons as
w e ll as s e v e ra l carbons o f th e  c o r r in  r in g .  The presence o f 90% C
la b e l le d  h e x a c y a n o fe rra te  in  th e  1:1 sample has enhanced th e  carbon 
atom resonances o f  th e  coba lam in , t h i s  i s  due to  a p o la r is a t io n  e f f e c t  
between th e  two m o ie t ie s .
In  c o n c lu s io n , bo th  in  s o lu t io n  and s o l id  s ta te ,  th e re  i s  |
ev idence  o f  b in d in g  in  a 1:1 mole r a t i o  o f sodium h e x a c y a n o fe rra te  and 1
aquocoba lam in . In  bo th  s o lu t io n  and s o l id  s ta te  th e  1:1 complex 
e x h ib i t s  f lu x io n a l  b e h a v io u r, f a s t  s i t e  exchange on th e  NMR tim e s c a le , 
in v o lv in g  m o b i l i t y  o f  th e  coba lam in  fra gm en t ove r th e  s ix  e q u iv a le n t  
lig a n d s  o f  th e  [ F e ( I I )  (^^C N )^]^*” a n io n .
J
,2-E L e c tro s ta t ic  p o te n t ia l  in  th e  p lane  o f [Fe(CN)^NO] 
S uccessive  c o n to u rs  re p re s e n t - 1 .0 ,  - 0 .5 ,  - 0 .2 ,  - 0 .1 ,  0 .0 ,  0 .1 ,  0 .2 ,
0 .5 ,  and 1.0 a .u . ( --------------n e g a tiv e , — —  — z e ro ,
. . .  p o s i t i v e ) .
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3 .3 .6  THE BINDING QF GYAMQFERRATE3 TO CQBALOXIMES AND COBALAMINS 
A STUDY USING EXTENDED HUGKEL-MOLECULAR ORBITAL CALCULATIONS
13 59As a r e s u l t  o f th e  C and Co s o lu t io n  and s o l id  s ta te  NMR 
s tu d ie s  c e r ta in  q u e s tio n s  re q u ire d  answ ering  abou t these  complex 
fo rm a tio n s ;
( i )  th e  geom etry o f  th e  Fe-CN-Co b r id g e ,
( i i )  th e  r e la t iv e  e n e rg ie s  o f  th e  p o s s ib le  is o m e r ic  fo rm s  o f the  
n it ro p ru s s id e  com plexes,
( i i i )  th e  n a tu re  o f th e  bond ing  i n  th e  complexes, e s p e c ia l ly  the  
o r b i t a l  in te r a c t io n s  in v o lv e d ,
( i v )  th e  g re a te r  s t a b i l i t y  o f  the  coba lam in  compared w ith  the  
cobaloxirae com plexes.
B e fo re  th e  EHMO s tudy  can be a p p lie d  to  th e  complex fo rm a tio n s , th e  
n it ro p ru s s id e  io n ,  h e x a c y a n o fe r r a te ( I I ) , th e  c o r r in  r in g ,  and aquo- 
m e thy lcoba lox im e  must be s tu d ie d  in d iv id u a l ly .
N it ro p ru s s id e  and H e xa cya n o fe rra te
In  th e  case o f th e  n it r o p r u s s id e  a n io n , EH MO c a lc u la t io n s  showed 
th a t  th e  d ^  o r b i t a l  i s  th e  HOMO a t  -12 .79eV , fo l lo w e d  n e x t by the  
e q u a to r ia l cr'(FeCN) co m b in a tio n  o f  type  E in  symmetry a t 
-1 2 .9 5 eV : th e  e q u a to r ia l c f (FeCN) le v e ls  o f  type  A  ^ and l i e  a t  
-1 3 .9 5  and 13.76eV r e s p e c t iv e ly .  The d^^ and d^^ o r b i t a ls  a re  a t  
~13.12eV. The energy le v e ls  w h ich  tu r n  o u t to  be most im p o r ta n t in  
th e  b in d in g  to  c o b a lt  a re  th e  a x ia l  cr (FeCN) and "hr (CN) w hich are a t  
-1 3 .3 3  and ~14.49eV r e s p e c t iv e ly .  In  th e  n it ro p r u s s id e  a n io n ,
E le c t r o s ta t ic  p o te n t ia l  in  th e  e q u a to r ia l p lane  o f 
2—[Fe(CN)rNO] Successive  co n to u rs  re p re s e n t - 1 .0 ,  - 0 .5 ,  - 0 ,2 ,  - 0 . 1 ,  5
0 ,0 ,  0 .1 ,  0 .2 ,  0 .5 ,  and 1.0 a .u . ( 
------------- p o s i t i v e ) .
n e g a tiv e . ze ro ,
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2~ #CFe(CN)^NO] th e  ~n“ (NO) o r b i t a l  a t  -lO .O IeV  was c a lc u la te d  to  be
th e  LUFK), As expected  f o r  an a n t i-b o n d in g  o r b i t a l  th e  c o e f f ic ie n ts
in d ic a te  f a i r l y  s tro n g  lo c a l is a t io n  on th e  n it ro g e n  atom . The a x ia l  
#*VT (CN) o r b i t a l  a t  -8 .45eV  i s  th e  n ex t above th e  LUMO.
When c o n s id e r in g  th e  r e la t i v e  charges o f  th e  l ig a n d s  o f  the  
a n io n , th e  te rm in a l oxygen o f  th e  n i t r o s y l  l ig a n d  i s  c a lc u la te d  to  
c a r ry  a charge o f -0 .4 2 e . The n it ro g e n  atom o f th e  n i t r o s y l  l ig a n d  
has th e  h ig h e s t p o s i t iv e  charge , +0 .72e , o f  any atom in  th e  n i t r o ­
p ru s s id e  a n ion  ( th e  e q u a to r ia l carbons bear charges o f  +0 ,46e  and th e  
a x ia l  carbon a charge o f + 0 .5 1 e ) . The n it ro g e n  atoms o f  th e  cyano 
l ig a n d s  a re  c a lc u la te d  to  be th e  most n e g a tiv e ly  charged ; th e  a x ia l  
cyano n it ro g e n  c a r r ie s  a charge o f -1 .0 7 e  and th e  e q u a to r ia l n it ro g e n s  
s l i g h t l y  le s s  a t  -0 .9 8 e . T h e re fo re , i t  can be concluded th a t  e le c -  
t r o p h i l i c  re a g e n ts  w i l l  in t e r a c t  p r im a r i ly ,  i f  n o t e x c lu s iv e ly ,  a t  th e  
te rm in a l atoms o f  th e  cyano l ig a n d s ,  w ith  perhaps s l i g h t  p re fe re n ce  
f o r  th e  a x ia l  s i t e  over th e  e q u a to r ia l .  In  c o n tra s t ,  n u c le o p h il ic  
re a g e n ts  a re  expected to  a t ta c k ,  w he the r in  o r b i t a l - c o n t r o l le d  o r  in
c h a rg e -c o n tro lle d  re a c t io n s ,  e x c lu s iv e ly  a t  th e  n i t r o s y l  n it ro g e n , as
(4 1 -4 4 )re p o r te d  p re v io u s ly .
I
A s e c t io n  in  one o f th e  o' p la n e s , w h ich  in c lu d e s  th e  a x ia l  |
in i t r o s y l ,  a x ia l  cyan ide  and two o f th e  e q u a to r ia l cyan ides  i s  shown in  !
F ig u re  22 . An a l t e r n a t iv e  s e c t io n  th ro u g h  th e  e q u a to r ia l p lane  o f th e  !
1
n it ro p r u s s id e  a n io n  i s  shown in  F ig u re  23 .
■J
F ig u re, 24 E le c t r o s ta t ic  p o te n t ia l  in  th e  p lane  o f [F e (C N )g ]^ ”  
Successive  co n to u rs  re p re s e n t - 2 .0 ,  - 1 .0 ,  - 0 .5 ,  0 .0 ,  and 0 .5  a .u . 
( -------------n e g a t i v e , -------------z e r o , ----------------- p o s i t iv e ) .
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In  th e  case o f th e  h e x a c y a n o fe r ra te ( I I )  a n io n  o f  0^ symmeti-y,
EHH) c a lc u l,a t io n s  showed th e  HOMO a t  -1 2 .8 3 eV i s  com prised o f  d ,xy
d , and d o r b i t a ls  o f symmetry c la s s  T , . D ir e c t ly  below th e  HOMO yz zx  2g
l i e  T, , E , and A. co m b ina tio ns  o f  th e  (FeCN)g. o r b i t a ls  a t  1u* g" 1g 5
-1 3 .0 4 , -1 3 .9 1 ; and - l4 ,1 2 e V  re s p e c t iv e ly .  There a re  fo u r  s e ts  o f 
IT  (CN) o r b i t a ls  o f th e  symmetry c la s s e s  T^^, and a t
-8 .3 2 ,  -8 .1 6 ,  -7 .8 9 ,  and -7 .54eV  re s p e c t iv e ly  p o s it io n e d  above the  
la rg e  HOMO-LUMO gap. In  th e  h e x a c y a n o fe r ra te ( I I )  a n io n  th e  carbon 
atoms bear th e  charge o f +0 .44e  and th e  n itro g e n s  a charge o f -1 .1 5 e , 
A s e c tio n  in  one o f th e  p la ne s  o f  [F e (C N )^ ]^ "  w hich in c lu d e s  th e
ir o n  and fo u r  o o p la n a r l ig a n d s  i s  re p re se n te d  i n  F ig u re  24.
In  com paring th e  s e c tio n a l, p lo ts  o f e le c t r o s t a t ic  p o te n t ia ls  
around [Fe(CN)gNO] “  (F ig u re s  22 and 23) and [F e (C N )^ ] ~ (F ig u re  24) 
an ions  th e  s t r i k in g  fe a tu re  in  F ig u re  22 i s  th e  ve ry  e le c t r o î ^ i i l i c  
re a c t iv e  s i t e  a t  th e  n i t r o s y l  l ig a n d .  The e le c t r o s t a t ic  p o te n t ia l  
s e c tio n s  i l l u s t r a t e d  in  F ig u re s  23 and 24 a re  r e la t i v e l y  fe a tu re le s s  
in  com parison. In  every s e c t io n ,  th e  n u c le o p h il ic  s i t e s  o f re a c t io n  
f o r  bo th  these a n io n s  were seen to  be th e  p e r ip h e ra l n it ro g e n s  o f the  
cyanj.de lig a n d s .
,Aq.uom_e th y lc o b a l.o x iine and... Me t hy 1 co.bal.o% ijm
The a to m ic  c o -o rd in a te s  f o r  aquom ethy lcoba lox im e, CHgCo(dmg)2H20,
(13)were taken  from  th e  X -ra y  a n a ly s is  o f McFadden and M cP ha il.
R egard less o f th e  a x ia l  l ig a n d  id e n t ic a l  c o -o rd in a te s  were used 
th ro u g h o u t th e  c a lc u la t io n s  f o r  th e  CH^Co(dmg)2 p o r t io n .  As p re -
F le u re  25 E le c t r o s ta t ic  p o te n t ia l  in  th e  xy p lane  o f Œ gCofdmgïg. 
S uccessive  co n to u rs  re p re s e n t - 1 .0 ,  -O .5 , - 0 .2 ,  - 0 .1 ,  0 .0 ,  0 .1 ,  0 . 2 ,
0 .5 ,  and 1.0 a .u . (------------- n e g a t iv e , ----------------- z e ro ,
  — p o s i t i v e ) .
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v io u s ly  m entioned (p . 61) m e thy lcoba lox im e  c o n ta in s  a f i v e  c o -o r­
d in a te  c o b a l t ( I I I )  in  an a p p ro x im a te ly  sq u a re -p y ra m id a l e n v iro n ­
m ent. The LUMO o f  CH^CoCdmg)^ i s  d e s c r ib e d  a p p ro x im a te ly  as c o b a lt  
3dg2 w ith  some a d m ix tu re  o f  4p^, p ro v id in g  an a x ia l  o r b i t a l  d ire c te d  
tow ards th e  va can t s i t e .  For conven ience th e  m o lecu le  i s  o r ie n ta te d  
so th a t  the  CoCdrag)^ fra gm en ts  l i e  in  th e  xy p lane  and th e  y a x is  
b is e c ts  th e  c e n tra l C-C bond o f  each (dmg) l ig a n d .  The f i r s t
occupp led  o r b i t a ls  a re  th e  d and d a t  -1 2 .2 6  and -12.68eVzy yz
re s p e c t iv e ly .  When th e  m o le cu le  aquom ethylcoba lox im e i s  co ns ide re d
th e  o n ly  im p o rta n t in t e r a c t io n  between th e  w a te r and th e  CH^CoCdmg)^
in v o lv e s  a p - o r b i t a l  on th e  oxygen o f  the  w a te r and th e  c o b a lt  3d ^
In  th e  xy s e c tio n  o f  th e  e le c t r o s t a t ic  p o te n t ia l  around CH^CoCdmg)^
( 13)(see F ig u re  25) th e  asym m etric  0 -H -----0 bonds a re  a ppa ren t as w e l l
as a la rg e  p o s i t iv e  re g io n , c e n tre d  on th e  c o b a lt ,  b u t e x te n d in g  
a c ro ss  th e  drag l ig a n d s .  T h is  la rg e  p o s i t iv e  re g io n  i s  th e re fo re  
a t t r a c t iv e  to  incom ing  n u c le o p h ile s .  However, in  F ig u re  26, a zx  
s e c t io n  showed n o t o n ly  th e  m e thy l l ig a n d  d i r e c t l y  bound to  th e  
c o b a lt ,  b u t more im p o r ta n t ly  a r a th e r  narrov/ e le c t r o s t a t ic  p o te n t ia l  
channel down w h ich  an incom ing  n u c le o p h ile  i s  expected to  approach the  
C O -o rd in a tiv e  uns a tu ra te d  e le c t r o p h i l i c  c e n tre  a t  th e  c o b a lt .
C o b a lt C o r r in -Mode1s
The c o r r in o id  s t r u c tu r e  o f V ita m in  (pho tog raph  2) was
to o  la r g e ;  th u s  f o r  th e  sake o f c o m p u ta tio n a l economy th e  s t r u c tu re  
was s u b s ta n t ia l ly  s im p l i f ie d .  The system in v e s t ig a te d  was S pecies 3, 
where th e  V ita m in  m a c ro c y c lic  s k e le to n  was re ta in e d  i n  th e  c o r re c t  
o x id a t io n  le v e l  id e n t ic a l  to  t h a t  o f  th e  chroraophore.
E le c t r o s ta t ic  p o te n t ia l  in  th e  z x  p lane  o f CH2 Co(ding)2 . 
Successive  co n to u rs  re p re s e n t - 1 .0 ,  - 0 .5 ,  - 0 .2 ,  - 0 ,1 ,  0 . 0 , 0 .1 ,  0 .2 ,
0 .5 ,  and 1.0 a .u . (------ ------- n e g a t iv e ,—  —





A l l  the  p e r ip h e ra l l ig a n d s  on th e  m acrocyc le  were re p la c e d  by 
hydrogen. The two a x ia l  l ig a n d s , X and I ,  were re se rve d  one f o r  e i th e r  
cyan ide  o r cyano fe r ra te  w h i ls t  a range o f d i f f e r e n t  s u b s t itu e n ts  w ere 
in v e s t ig a te d  a t  th e  second a x ia l  s i t e .  I n i t i a l l y  a s e r ie s  o f  d e r iv ­
a t iv e s  was in v e s t ig a te d  where Y was a s e r ie s  o f  s im p le  l ig a n d s  and 
th e re  was no X s u b s t i tu e n t .  When Y was a good cr donor, th e  c o b a lt  
was c a lc u la te d  to  be d^ C o ( I I I ) .  The d ^  o r b i t a l  in  these  complexes 
was th e  LUMO. The HOMO was a d e lo c a lis e d  "rr o r b i t a l  m o s tly  concen­
t r a te d  in  th e  fra gm en t and bond ing between sind
and between and b u t o th e rw is e  a n tib o n d in g  (S pec ies  3 )*  
However, when Y was a good *rr donor, o r  absent e n t i r e ly ,  th e  d^a 
became the  HOMO and th e  d e lo c a lis e d  “ i f  o r b i t a l  th e  LUMO because in
t h i s  case the  d^A o r b i t a l  was lo w e r in  energj^ th a n  th e  t t  o r b i t a l .
8T h is  corresponds to  a d C o (I)  system in  w h ich  th e  m a c ro c y c lic  l ig a n d  
has undergone a two e le c t ro n  o x id a t io n  from  Species 4 to  S pecies 5 .
73  -
S pecies 4 and 5
s
In  simmary th e  system S pecies 3 was c a lc u la te d  to  be C o ( I I I )  when
Y was NHg, o r CN~; bu t t o  be C o (I) when Y was absen t o r was H^O
o r NHg". Hence to  p re se rve  th e  o x id a t io n  s ta te  o f c o b a lt  as C o ( I I I )  a 
good c r  donor i s  re q u ire d  as one o f th e  a x ia l  l ig a n d s .  W ith o u t such a 
cr donor an in te r n a l  re a c t io n  between th e  "Vr e le c t ro n  r ic h  m acrocyc le  
and th e  C o ( I I I )  i s  l i k e l y  to  o ccu r. In  th e  d^ examples th e  n e t charge 
on th e  c o b a lt  i s  a lw ays n e g a tiv e , ra n g in g  from  -O.UBe (Y = NHg ) to  
-0 .6 6 e  (Y = HgO). In  th e  d.^  cases th e  ne t charge on c o ta i t  i s  a lw ays 
p o s i t iv e ,  ra n g in g  fro m  +0.03e (Y = to  +0 .36e  (Y = CN*").
G e n e ra lly , the  cyano l ig a n d  i s  th o u g h t o f as a p o w e rfu l a c c e p to r , 
however the  cr donor o rd e r deduced from  th e  lig a n d s  (Y) s tu d ie d  i s
HgO < NH^" <  NH  ^ <  CH^”  < CN*"; th e  cyano l ig a n d  i s  a c t in g  as a
p o w e rfu l <y donor. T h is  o b s e rv a tio n  i s  f u r t h e r  co n firm e d  by a re c e n t 
"ab i n i t i o ”  s tudy o f  [C o (C N )^]^  and [Co(CN)gOH]^ . These w o rke rs  
c o n c l u d e d ^ t h a t  th e  p r in c ip a l  d if fe re n c e  between CN*" and OH a c t in g  
as a l ig a n d  arose from  t h e i r  donor c a p a c ity  r a th e r  than  from  t h e i r  
^  d o n o r/a c c e p to r p ro p e r t ie s .
H güC ê_21 E le c t r o s ta t ic  p o te n t ia l  o f  Species 3 (Y = NH^) in  th e  CoN^  
p la n e . Successive  co n to u rs  re p re s e n t - 1 .0 ,  - 0 .5 ,  - 0 .2 ,  - 0 .1 ,  0 .0 ,
0 . 1 , 0 .2 , 0 .5 ,  and 1.0 a .u . ( --------------- n e g a tiv e , —  —  — z e ro ,
-------------p o s i t i v e ) .
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P lo ts  showing a s e c t io n  o f  th e  e le c t r o s ta t ic  p o te n t ia l  f o r  th e
c o b a lt  c o r r in  model h a v in g  I  = were re co rd e d . F ig u re  27 i s  a
s e c t io n  th rough  th e  bes t p lane  th rough  th e  c o b a lt  atom and th e  fo u r
n it ro g e n s . The s e c t io n  i l l u s t r a t e s  th e  i r r e g u la r  co n to u r p a t te rn .
T h is  i s  p a r t ly  due to  th e  d e v ia t io n  o f  th e  m acrocyc le  f r a n  p la n -  
( 12)a r i t y .  The p e r ip h e ra l ca rbon  and hydrogen atoms e x h ib i t  d i f f e r i n g  
d e v ia t io n  from  th e  chosen p lane  f o r  th e  s e c tio n . F ig u re  28 shows a 
s e c t io n  p e rp e n d ic u la r  to  th a t  ^o w n  in  F ig u re  27 . T h is  s e c t io n  o f 
e le c t r o s t a t ic  p o te n t ia l  w h ich  i l l u s t r a t e s  th e  CoN^ j^  p lane  i s  dom inated 
by th e  u n ifo rm ly  p o s i t iv e  r e s id m l  charges on th e  p e r ip h e ra l atoms o f  
th e  m acrom olec iile . T h is  i s  i n  c o n tra s t  to  th e  coba lox im e , CH^CoCdmg)^ 
(see F ig u re s  25 and 26) where th e re  a re  s u b s ta n t ia l n e g a tiv e  re g io n s  
around th e  oxygen atoms. The o n ly  n e g a tiv e  re g io n s  o f  th e  c o r r in  r in g  
(see F ig u re s  27 and 28) a re  those  in  th e  immedj.ate v i c i n i t y  o f th e  
l i g a t in g  n it ro g e n s  and th e  q u a s i-a ro m a tic  carbons C^, and
whereas in  CH„Co(dmg) th e  n it ro g e n  atoms a l l  bear a n e t p o s i t iv e  jJ C.
re s id u a l charge , consequent upon t h e i r  be ing  bound to  oxygen.
T h e M e t h v l G o b a l o x i m e r N i t r o p r u s a i d e  C o m p lex
C e rta in  assum ptions had to  be made in  o rd e r to  de te rm ine  by EHPD 
c a lc u la t io n s  th e  in t e r a c t io n  between m e thy lcoba lox im e  and n i t r o ­
p ru s s id e , nam ely, th a t  th e  s t r u c tu re  o f th e  m e thy lcoba lox im e  fragm en t
n
(4)
( 13)i s  unchanged fro m  th a t  o f th e  aquo complex. The bond le n g th s  in
th e  n it ro p ru s s id e  fra gm en t were unchanged from  th e  f r e e  io n  v a lu e s
Iand a l l  th e  in te r -b o n d  a n g le s  around i r o n  s e t to  90 , The Fe-X-Y-Co I
1
b r id g e  was assumed to  be l in e a r ,  a lth o u g h  th e re  a re  cases o f  modest I
E le c t r o s ta t ic  p o te n t ia l  o f  S pecies 3 (Y = in  a p lane
p e r p in d ic u la r  to  th a t  o f th e  CoN  ^ p la n e . S uccess ive  co n to u rs  
re p re se n t - 1 . 0 , - 0 . 5 , - 0 . 2 , - 0 . 1, 0 . 0 , 0 . 1, 0 . 2 , 0 .5 ,  and 1.0 a .u .
( ------------- n e g a t iv e ,—  .—  — z e r o , -------------- p o s i t iv e ) .
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d e v ia t io n s  from  l i n e a r i t y  o f  Co-C-N-Co b r id g e s  in  th e  is o m e r ic  
oompounds[(NH )gC o-C N -C o(C N )^](^? ) and [ ( ^Co-NC-Co( CN) ^ ^ ^ ^
These d e v ia t io n s  from  l i n e a r i t y  a re  a r e s u l t  o f  fo rc e s  e x te r io r  to  th e  
b r id g e s  ra th e r  than  a r e s u l t  o f  any fa c to r  i n t r i n s i c  to  th e  b r id g e .
Three is o m e r ic  fo rm s  were in v e s t ig a te d  h a v in g  th e  n it ro p r u s s id e  
bound to  c o b a lt  v ia  th e  a x ia l  cya n ide , th e  e q u a to r ia l cya n ide , and th e  
n i t r o s y l  lig a n d s  r e s p e c t iv e ly ,  s u b je c t to  th e  above assum ptions . A l l  
th re e  isom ers  showed c le a r  energy m inim a as th e  d is ta n c e  Y-Co was 
v a r ie d .  For th e  n i t r o s y l  l ig a n d  b in d in g  to  c o b a lt  th e  0-Co d is ta n c e  
f o r  minimum e n e r ^  was 1.65A, w h ile  f o r  the  a x ia l  and e q u a to r ia l cyano 
lig a n d s  b in d in g  to  c o b a lt  th e  N-Co d is ta n c e s  co rre sp o n d in g  to  th e  
energy m inima were 1.80Â and 1.82Â r e s p e c t iv e ly .  Tak ing  th e  a x ia l  
cyano isom er as z e ro , th e  isom ers  a re  + 1 .9kJ  m ol”  ^ f o r  th e  e q u a to r ia l 
•cyano isom er, and *2 2 .2 kJ  m ol”  ^ f o r  th e  n i t r o s y l  iso m e r. T h e re fo re  
th e  e xp e rim e n ta l p re fe re n c e  found  by NMR f o r  th e  a x ia l  cyano b in d in g  
i n  a complex o f  1:1 s to ic h io m e try  i s  o n ly  ve ry  s l i g h t .  In  th e  case o f 
th e  a x ia l  cyano isom er o f th e  1:1 complex com parison o f  th e  energy a t  
th e  minimum w ith  th e  e n e rg ie s  o f  i t s  two components, n it r o p r u s s id e  and 
m e thy lcob a lox im e , shows th a t  th e  in t e r a c t io n  energy e q u iv a le n t  to  th e  
a x ia l  N-Co bond energy te rm  i s  235kJ m ol” ^ . T h is  v a lu e  does n o t take  
in t o  accoun t s o lv e n t e f f e c t s  and r e fe r s  o n ly  to  an is o la te d  s p e c ie s . 
N e v e rth e le s s , these  e n e rg ie s  c a lc u la te d  f o r  th e  is o m e r ic  fo rm s  a re  
p ro b a b ly  reasonab ly  a c c u ra te  as these  s o lv e n t e f f e c t s  w ou ld  be s im i la r  


























2,9, The im p o rta n t o r b i t a l  in te r a c t io n s  between CH CoCdmg)^ (Cx)
and [F e (C N )^ ]^ "  (NP^~) o r  H^O.
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F ig u re  29 d e ta i ls  th e  p r in c ip a l  o r b i t a l  in te r a c t io n s  w i t h in  th e
1:1 complex o f n it ro p r u s s id e  and m e th y lco b a lo x im e . For th e  a x ia l
Isom er th e re  i s  a v e ry  s tro n g  cf in te r a c t io n  between th e  a x ia l
cf' (FeCN) o r b i t a l  in  th e  n it ro p r u s s id e  (w h ich  app rox im a tes to  a
n it ro g e n  lo n e  p a ir )  and th e  c o b a lt  o r b i t a l ,  coup led  w ith  a v e ry
s m a ll "TT in te r a c t io n  in v o lv in g  th e  a x ia l  -mr(CN) o r b i t a ls  o f th e
n it ro p r u s s id e  and th e  c o b a lt  d^^ and d^^ o r b i t a ls ,  a l l  o f  w h ich  a re
o ccu p ie d . N e ith e r  in  t h i s  1:1 complex no r in  th e  v e ry  s im p le  model,
t r a n s - [ (Q N )F e(II)H j^C N C o(III)H ^  1^"*. i s  th e re  any in te r a c t io n  between
*th e  occup ied  c o b a lt  d^^ and d^^ and th e  unoccupied TT (CN) o r b i t a ls  
o f  th e  a x ia l  l ig a n d .  S ince cya n o fe r râ te s  r e a d i ly  b in d  th rou g h  
n it ro g e n  to  s im p le  e le c t r o p h i le s  such as and
*such ~rr back-bond ing  fro m  th e  e le c t r o p h i le  to  th e  l ig a n d  "T f o r b i t a ls  
i s  n o t necessary f o r  th e  s t a b i l i s a t io n  o f cya n o -b rid g e d  complexes o f 
th e  type  14-C-N-E. S t r u c tu r a l  ev idence in  th e  two lin k a g e  isom ers  o f 
[ (NH^)^Co-CN-Co(CN)j_3^^'^’'^ ^ ^  in d ic a te s  th a t  even when th e  a p p ro p r ia te  
o r b i t a ls  a re  p re s e n t, th e  -t t  b a c k -b in d in g  in t e r a c t io n  appears to  be 
n e g l ig ib le  in  th e  Co-CN bond as was c a lc u la te d  h e re , a lth o u g h  
“VI- back-bond ing  i s  s ig n i f ic a n t  in  th e  Co-CN bonds.
T h e -M e th v lc o b a lo x im e fH e x a c v a n o fe rra te ( II)  Complex
The 1:1 complex o f  h e x a c y a n o fe r ra te ( I I )  and m e thy lcob a lox im e  i s  
ve ry  s im i la r  to  th e  cyano bound isom ers  o f th e  n it ro p ru s s id e  complex 
w ith  m e th y lco b a lo x im e . The minimum energy occu rs  a t  a N-Co d is ta n c e  
o f  1 «83A, where th e  in t e r a c t io n  energy (N-Co bond energy) i s  1?4kJ 
m ol’~ \  le s s  tha n  th e  in t e r a c t io n  energy in  th e  [Fe(CN)^NO ]^" complex
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by some 60kJ m o l~ \  In  com paring th e  a x ia l  N-Co o v e r la p  p o p u la tio n s ,
th e  h e x a c y a n o fe r ra te ( I I )  com plex has a v a lu e  o f 0.297 as compared w ith
0.309 f o r  the  n it r o p r u s s id e  complex ( a x ia l  is o m e r) .  For th e  b in d in g
o f  n it ro p ru s s id e  v ia  th e  n i t r o s y l  l ig a n d ,  th e  co rre sp o n d in g  0-Co
o v e r la p  p o p u la t io n  i s  o n ly  0.257» These c a lc u la t io n s  a re  e n t i r e ly
13c o n s is te n t  w ith  th e  p re v io u s ly  d iscussed  C NMR s tu d ie s ,  p o in t in g  to  
a ra th e r  weaker b in d in g  o f  h e x a c y a n o fe r ra te ( I I )  compared w ith  n i t r o -  
p ru s s id e . In  c o n c lu s io n  f o r  th e  b in d in g  o f  [Fe(CN)^NO] and o f 
[Fe(CN)^]^™  to  m e thy lcob a lox im e , th e  Co~NC d is ta n c e s  co rre sp o n d in g  to  
th e  energy m inim a a re  s ig n i f i c a n t ly  lo n g e r tha n  th e  is o m e r ic  M-CN 
d is ta n c e s . These o b s e rv a tio n s  and th e  absence o f any nrf oonding 
between c o b a lt  and th e  b r id g in g  cyano l ig a n d  a re  in  agreem ent w ith  
e x p e rim e n ta l r e s u l t s  on th e  is o m e r ic  y *  -cyano  complexes [(NH^Co- 
(CN)Co(CN) ] .
T he-C oba lt G o r r ln iN it r o p ru s s ld e  Complex
The in te r a c t io n  between n it r o p r u s s id e  and th e  c o b a lt  c o r r in  model 
(S p ec ies  3) was s tu d ie d  as a fu n c t io n  o f th e  a x ia l  N-Co d is ta n c e , 
s u b je c t to  e s s e n t ia l ly  th e  same c o n s t ra in ts  as m entioned i n  th e  
m e thy lcoba lox im e  system . Only th e  a x ia l  isom er o f  n it ro p ru s s id e  was 
s tu d ie d  f o r  th e  sake o f c o m p u ta tio n a l economy. The energy minimum f o r  
th e  1:1 complex was lo c a te d  a t  a Co-N d is ta n c e  o f 1 .75A ; t h i s  i s  
r a th e r  s h o r te r  tha n  in  th e  coba lox im e complex ( I . 80Â ). TTiis Co-N
O 1d is ta n c e  o f 1 .751  co rresponds  to  an in t e r a c t io n  energy o f  288kJ mol , 
s u b s ta n t ia l ly  h ig h e r than  f o r  th e  coba loxim e complex (235kJ mol ^ ) .
In  th e  c o b a lt  c o r r in :n i t r o p r u s s id e  complex th e  o r b i t a l  in te r a c t io n s  
in v o lv e d  a re  v e ry  s im i la r  to  those  in  th e  s im p le r  coba lox im e model ;
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n e v e rth e le s s , th e  N-Co o v e r la p  p o p u la t io n  i s  0.347 in  th e  c o r r in  
system compared w ith  o n ly  0 .309  i n  th e  coba loxim e com plex. Thus, th e  
in te r a c t io n  o f  n it ro p r u s s id e  i s  c a lc u la te d  to  be much s tro n g e r  w ith  
th e  c o b a lt  c o r r in  system (S p ec ies  3, Ï  = NH^) th a n  w ith  a coba lox im e . 
T h is  rep roduces  th e  NMR e x p e rim e n ta l f in d in g s  th a t  n it ro p ru s s id e  fo rm s  
f a r  more s ta b le  complexes w ith  coba lam ins tha n  w ith  [CHgCo(dmg)2 ] .  
A lthough  a l l  o f these  c o b a lt  sp e c ie s  c o n ta in  C o ( I I I ) ,  in  th e  
[CH^Co(dmg)2 ] th e  c o b a lt  i s  bound to  two u n in e g a t iv e  (dmg)~ lig a n d s  
and to  a n e g a tiv e  CH  ^ a x ia l  l ig a n d ,  whereas in  bo th  aquocobalam in and 
S pecies 3 (% = NH^) th e  a x ia l  l ig a n d  i s  n e u t ra l ,  e i t h e r  a b en z im i­
dazo le  o r NH^ r e s p e c t iv e ly ,  and th e  m a c ro c y c lic  l ig a n d  i s  o n ly  
u n in e g a t iv e . T h e re fo re  on these  grounds a lone  th e  c o b a lt  in  [CH^Co-
(dm g)^] i s  expected  to  be ra th e r  le s s  e le c t r o p h i l i c  th a n  in  S pecies 3,
2—o r in  a n a tu ra l coba lam in . N one the less , th e  b in d in g  o f  [Fe(CN)^NO] 
to  [CHgCo(dmg)2 ] dem onstra tes  t h a t  such complex fo rm a tio n  i s  n o t a 
unique p ro p e r ty  o f  coba lam ins (V ita m in
F u rth e r-C o m p a ris o n s -be tw een -E xpe rim en ta l NMR S tu d ie s  
and EHMO C a lc u la t io n s
In  2 :1  Co:Fe complexes observed in  N^ iR e xpe rim en ts , bo th  s t e r ic
and e le c t r o s t a t ic  c o n s id e ra t io n s  re q u ire  th e  two c o b a lts  to  be bound
to  a p a i r  o f t ra n s  l ig a n d s  in  a c y a n o fe r ra te . A lthough  th e  r e s u l t s  o f
a 1:1 complex (n itro p ru s s id e ;m e th y lc o b a lo x im e )  in d ic a te  a sm a ll energy
advantage f o r  th e  a x ia l  bound cyano, th e  a d d it io n a l b in d in g  energy
r e s u l t in g  from  c o m p le xa tio n  o f th e  c y a n o fe r ra te  to  a second c o b a lt
sp ec ies  overcomes t h i s  sm a ll p re fe re n c e  f o r  a x ia l  b in d in g .  Thus, the
2 :1  complexes o f  n it r o p r u s s id e  in v o lv e  a t ra n s  p a i r  o f e q u a to r ia l
13cyano l ig a n d s ,  e n t i r e ly  c o n s is te n t  w ith  the  p re v io u s  C NMR s tu d ie s .
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In  th e  case o f th e  [F e (C N ), ]^ "  a l l  th e  l ig a n d  s i t e s  y ie ld  
complexes o f id e n t ic a l  ene rg y . C onsequently , th e re  i s  no therm o­
dynamic im pedim ent to  m ig ra t io n  o f th e  c o b a lt sp ec ies  from  one cyano 
l ig a n d  to  a n o th e r in  these complexes. Such f lu x io n a l  b e h a v io u r in  th e  
case o f CFe(CN)g]^*" c o u ld  e x p la in  why th e  s o lu t io n  s ta te  NMR 
observed f o r  th e  [Fe (C N )g3^“ : coba lam in  system co n ta in e d  broad 
u n re so lve d  resonances from  w hich no c o u p lin g  da ta  co u ld  be d e r iv e d , 
whereas, in  th e  ana logous CFe(CN)[_NO]^ system v e ry  sharp , w e l l  
re s o lv e d  f i r s t  o rd e r s p e c tra  were a lw ays observed .
In  c o n c lu s io n , combined NFÎR s tu d ie s  and EHMD c a lc u la t io n s  have 
shown th a t  th e  n it ro p ru s s id e  a n io n  b inds  to  aquocobalam in to  fo rm  bo th  
1:1 and 1 :2  n itro p ru s s id e :H 2 0 C b  com plexes. The n i t r o s y l  l ig a n d  i s  n o t 
c r u c ia l  to  t h is  com p lex ing , s in c e  h e x a c y a n o fe r ra te ( I I )  a ls o  b in ds  to  
aquocobalam in, a lth o u g h  in  s o lu t io n  i t  appears to  fo rm  a f lu x io n a l  
system . In  each case b r id g e s  o f  th e  type Fe-C-N-Co a re  proposed s in ce  
th e  Co-N-C d is ta n c e s  co rre sp on d ing  t o  th e  energy m inima a re  s ig n i f ­
ic a n t ly  la r g e r  than  th e  is o m e r ic  M-CN d is ta n c e s . Such b in d in g  o f  
c y a n o fe rra te s  a ls o  occurs  w ith  th e  s im p le  aquom ethy lcoba lox im e 
([CH^Co(dmg)2H20] ) , b u t here  the  b in d in g  i s  v e ry  much weaker.
The fo rm a tio n  o f th e  1:1 and 1 :2  com plexes between n it ro p ru s s id e  
and aquocobalam in re p o r te d  h e re  has been observed a t  c o n c e n tra t io n s  o f  
n it ro p ru s s id e  th a t  a re  somewhat h ig h e r than  those  commonly used in  
c l i n i c a l  p ra c t ic e ,  these  a re  t y p ic a l ly  10“‘^mol dm"^ o r  below . There­
fo r e ,  in  th e  succeed ing c h a p te r (C hapte r 4) th e  h yp o te n s iv e  i n  y j jm  
b eh a v io u r o f these complexes i s  s tu d ie d .
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Chapter 4
IN VIVO STUDIES OF SNP/VITAMIN BINDING,
AND THE INTERACTION OF SNP VJITO OTHER MACROMOLECULES
Abbreviations
SNP = Sodium N itro p ru s s id e
HgOCb = Aquocobalamin




NAC = N -A o e ty l-L -o y s te in e
BSA = Bovine Serum Album in
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4.1 INTRODUCTION
Aquocobalam in (HgOCb) has been suggested in  th e  m e d ica l l i t e r ­
a tu re  as an a p p ro p r ia te  a d ju n c t d u r in g  SNP t h e r a p y . I n v iv o  H^OCb
i s  th o u g h t to  p re ve n t s u c c e s s fu lly ,  th e  s o -c a lle d  cyan ide  re le a s e
(?)a s s o c ia te d  w ith  SNP in fu s io n .  ' O the rs re p o r t  th a t ,  as w e l l  as HgOCb 
n o t be ing  an e f f e c t iv e  a n t id o te  to  SNP a s s o c ia te d  cyan ide  t o x i c i t y ,  i t  
ra is e s  th e  f r e e  cyan ide  le v e ls  in  th e  p l a s m a . A s  a r e s u l t  o f  th e  j j i  
v i t r o  s tu d ie s  p re v io u s ly  d iscu ssed  (C hap te rs  2 and 3) showing aquo­
coba lam in  n o t o n ly  to  be a bad a n t id o te  to  cyan ide  p o is o n in g  b u t 
a c tu a l ly  to  b in d  to  th e  n it r o p r u s s id e  a n io n , a s e r ie s  o f  jjo. y jx a  
s tu d ie s  were c a r r ie d  o u t .  These in  v iv o  s tu d ie s  were i n i t i a t e d  to  
examine th e  pharmacodynamic and p h a rm a co k in e tic  consequences o f  the  
1:1 and 1 :2  SNP:H^OCb com plexes d iscussed  i n  C hapter 3 .
A p h a rm a co k in e tic  s tud y  o f  a d rug  i s  th e  s tudy o f  th e  passage o f 
th e  drug from  i t s  p o in t  o f e n try  in t o  th e  body u n t i l  i t  reaches i t s  
s i t e  o f a c t io n .  A s tud y  o f th e  in te r a c t io n  o f a d rug  w ith  i t s  s i t e  o f 
a c t io n  in  a b io lo g ic a l  system i s  a pharmacodynamic s tu d y .
The known ch e m is try  o f the  n it ro p ru s s id e  a n io n  p o in ts  to  the
n i t r o s y l  l ig a n d  as be ing  th e  c r u c ia l  s i t e  in  th e  p h y s io lo g ic a l
(4 )a c t i v i t y  o f n i t r o p r u s s id e .  I f  th e  NO i s  indeed  th e  a c t iv e  s i t e ,  
th e n  th e  fo rm a tio n  o f a 1:1 com plex w ith  coba lam in  w i l l  n o t im p a ir  th e  
a c c e s s ib i l i t y  o f  the  n i t r o s y l  l ig a n d  to  e x te rn a l n u c le o p h ile s ;  such as 
those  in  p o te n t ia l  re c e p to rs . In  th e  case o f the  2 :1  complex w ith  
coba lam in  (P hotographs 4 and 5) th e  ru ,tro s y l l ig a n d  i s  le s s , a c c e s s ib le  
due to  th e  c o r r in  raac rocyc les . The h yp o te n s iv e  s i t e  o f a c t io n  i s
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s t i l l  under in v e s t ig a t io n  and w i l l  be d iscussed  l a t e r  in  t h i s  chap­
t e r .  However, i f  the  a n io n  re q u ire s  access from  th e  b lood  stream  to  
i t s  re c e p to r  v ia  a s p e c i f ic  io n  channel th ro u g ii a membrane, e .g .  th e  
c h lo r id e  o r ca lc ium  channe l, th e n  fo rm a tio n  o f even th e  1 :1  complex 
may hamper such access th rough  th e  membrane. T h e re fo re , ± 0. v iv o  
s tu d ie s  were c a r r ie d  o u t i n i . t i a l l y  to  in v e s t ig a te  these  hypo theses.
The a d m in is t r a t io n  o f sodium th io s u lp h a te  (ST)* i s  th o u g h t to  
reduce the  to x ic  e f f e c t s  o f S N P . B a u m e i s t e r ^ r e p o r t e d  th a t  
exogenous ST re p le n is h e s  d e p le te d  endogenous ST s to re s  used up ty  
i n i t i a l  rhodanase ( th io s u lp h a te  cyanide su lp h u r t ra n s fe ra s e  EC 
2 .8 .1 .1 ) “  m ed ia ted  cyanide d e to x i f ic a t io n .  S chu lz c la im e d  th a t  in  
o rd e r to  r e ta in  th e  p ha rm aco log ica l b e n e f i ts  o f SNP bu t renove th e  
p o s s ib i l i t y  o f cyan ide  t o x i c i t y ,  a "m ixed in fu s io n "  tech n iq ue  was 
p re fe ra b le ,  i n  w h ich  ST and SNP, in  a 12:1 m o la r r a t io ,  a re  m ixed in  
th e  in fu s io n  f l u i d  p r io r  to  in je c t io n .  T h e re fo re , in  th e  p re sen t 
s tudy th e  pha rm aco lo g ica l consequences o f m ix in g  ST and SNP w ere 
in v e s t ig a te d  in  v iv o  and compared w ith  the  p ha rm aco lo g ica l e f f e c t s  o f 
m ix in g  SNP and H^OCb.
A lthough th e  n it ro p ru s s id e  a n io n  when in fu s e d  in t o  th e  b lood  
stream  i s  t o t a l l y  s o lu b le  in  th e  plasma, these  i n  v i t r o  s tud j.es  show­
in g  SNP b in d in g  to  cobalam in suggest th a t  i t  m ig h t a ls o  in t e r a c t  w ith  
o th e r  components o f whole b lo o d . I n i t i a l l y  th e  j j i  v i t r o  in t e r a c t io n  
o f  n it ro p ru s s id e  and th e  u n iv e rs a l p ro te in  c a r r ie r  serim  a lbum in  was 
s tu d ie d  by Sephadex G-25 column chrom atography. Then th e  J j i  v i t r o
in v e s t ig a t io n  o f d i f f e r e n t  typ e s  o f haem oglobin w ith  SNP was s tu d ie d
13by such te ch n iq u e s  as e le c tro p h o re s is ,  u v - v is ib le  sp ec tro sco py , C
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15and N NMK, and EPR sp e c tro s c o p y . These jjn v i t r o  s tu d ie s  a re  o f
im po rtance  in  u n d e rs ta n d in g  th e  v iv o  h yp o te n s iv e  a c t io n  o f  n i t r o -
(9 )p ru s s id e . SNP i s  th o u g h t to  undergo a t r a n s - n i t r o s y la t io n  re a c t io n
w ith  th e  enzyme g u a n y la te  cyc la se  (GTP p y ro -  phosphate ly a s e  ( c y c l i -
s in g )  EC 4 .6 .1 .2 ) .  The mechanism i s  s t i l l  a v e ry  c o n t ro v e rs ia l 
( 10- 12)s u b je c t , b u t i t  has been e s ta b lis h e d  th a t  th e  enzyme produces
( 13 )g u a n o s in e -3 ' , 5 ’ -m onophosphate ( c y c l i c  GMP) w hich i s  in v o lv e d  in
th e  v a s c u la r  smooth m uscle re la x a n t  response to  n it ro g e n -o x id e
(14) (15)c o n ta in in g  d ru g s . Some w o rke rs  have re p o r te d  th a t  th e  i n i t i a l
enzyme a c t iv a t io n  re q u ire s  th e  presence o f a c t iv a te d  t h i o l  g roups in
th e  fo rm  o f an u n s ta b le  s h o r t  l iv e d  S - n i t r o s o t h i o l ^ e . g .
S -n it ro s o o y s te in e ,  and th a t  i t  i s  th e  NO"*" w h ich  i s  th e  v a s c u la r  smooth
( 12)m uscle re la x a n t .  However, re c e n t o b s e rv a tio n s  have shown th a t  
p a r t i a l l y  p u r i f ie d  h e p a t ic  g u a n y la te  cyc la se  r e a d i ly  b in d s  haem and 
NO-haera w h ich  suggests  th a t  haem may a ls o  be re la te d  to  th e  m e c h a n ic  
o f  g u a n y la te  cyc la se  a c t iv a t io n  by NO"*" and th a t  haeraopro te ins a re  
re q u ire d  to  re s to re  g u a n y la te  cyc la se  a c t iv a t io n  in  response to  NO**'.
/  <  y \  / . O S
The fo rm a tio n  o f NO-haem com plexes w h ich  b in d  to  and
(19) (12)a c t iv a te  g u a n y la te  cyc la se  i s  suggested by Ig n a r ro  as be ing
th e  l i k e l y  reason f o r  th e  re q u ire m e n t o f haem as w e l l  as NO*. T h is
p re se n t w ork s tu d ie s  in  more depth  the  I n  v i t r o in t e r a c t io n  o f
n it ro p ru s s id e  w ith  d i f f e r e n t  fo rm s o f  haem oglob in .
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4 .2  EXPERIMENTAL
4 .2 .1  PHARMACOLOGICAL ASPECTS OF THE INTERACTION OF NITROPRUSSIDE 
WITH-AQUOCOBALAMIN AND THIOSULPHATE
I  am in d e b te d  to  Dr D.S, Hewick and h is  c o llè g u e s  o f  the  
Departm ent o f Pharm acology and C l in ic a l  Pharmacology a t  N in e w e lls  
H o s p ita l and M ed ica l School f o r  c a r ry in g  o u t a l l  th e  j ja  v iv o  
e xpe rim en ts  re p o r te d  h e re in .
ikt.er.i3ls
As in  C hapter 3 (p . 42) aquocoba lam in  was purchased from  Sigma, 
Sodium th io s u lp h a te  was o f  AnalaR g rade . The sodium n itro p ru s s id e -^ ^ C  
used he re  i s  p a r t  o f the  sample p repared  p re v io u s ly  as d e ta i le d  in  
Chapter 2 (p . 1 7 ) , A l l  s o lu t io n s  o f  aqueous SNP were c a r e fu l ly  
p ro te c te d  from  l i g h t .
An im a ls
For these in  v iv o  s tu d ie s  male Sprague dawley r a ts  (4 50 -650g ), 
m a in ta in e d  on a norm al d ie t  w ith  f r e e  access to  w a te r , were used.
Measurement o f  B lood  P ressure, and I)epressor_,Resmnse
The r a ts  were a n a e s th e tis e d  w ith  u re thane  (1 .5~^Kg ip )  and the  
r e c ta l  tem pe ra tu re  m a in ta in e d  a t  37^C by means o f a h e a t lamp re g -
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u la to r  d e v ic e . In  each r a t  th e  r i g h t  a r te r y  and l e f t  ju g u la r  v e in  were 
ca nn u la te d  f o r  measurement o f b lo od  p re ssu re  and in je c t io n  o f  drugs 
r e s p e c t iv e ly .  The c a ro to id  cannu la  was connected to  a b lood  p ressure  
tra n s d u c e r (E lc o ra a tic  L td . )  and th e  b lood  p re ssu re  was m o n ito red  on a 
re c o rd e r .  The venous cannu la  was connected to  a 1.0m l s y r in g e . The 
d rug  s o lu t io n s  were made up in  p h y s io lo g ic a l s a l in e ,  in  a volume o f 
0 .1~0 .3m l and washed in  w ith  0 .1m l s a l in e .
Separa te  com parisons were made between SNP and a SNPrHgOCb 
m ix tu re , o r SNP and a SNP:ST m ix tu re .  For each com parison a h ig h  (A) 
and low  (B) dose o f SNP were used a lo n g  w ith  a h ig h  (C) and low  (D) 
dose o f the  m ix tu re .  In  each case th e  low dose was 25-50% o f  the  h ig h  
dose. D u ring  th e  com parison, in  o rd e r to  a llo w  f o r  any s e n s i t i v i t y  
changes in  the  p re p a ra t io n  d u r in g  th e  course o f th e  e xpe rim en t, each 
dose was g iv e n  fo u r  tim e s  in  a random o rd e r ;  i . e .  (ABCD), (CABD),, 
(BCDA), (ACDB),
The h yp o te n s ive  a c t io n  w h ich  i s  measured by d ep re ss io n  response 
was assessed in  th e  fo l lo w in g  w a y s ;-
( i )  b lo od  p re ssu re  lo w e r in g  -  th e  d if fe re n c e  between th e  mean 
s y s to l ic  p re ssu re  b e fo re  a u d it io n  o f the  drug and th e  lo w e s t s y s to l ic  
p ressu i'e  a f t e r  d rug a d d it io n ,
( i i )  "o n s e t- t im e "  -  th e  tim e  between drug a d d it io n  and maximum b lood 
p re ssu re  lo w e r in g ,
( i i i )  " o f f s e t - t im e "  -  the  t im e  between maximum b lood  p re ssu re  lo w e rin g  
and n o rm a lis a tio n  o f b lo od  p re s s u re .
1
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14Msasm-’ement o f Plasma Concent r a t i o r - 
D e rlv  acLRadi oac t i v l  ty
The r a t s  were a n a e s th e tis e d  and ca n n u la te d  as p re v io u s ly  
d e s c r ib e d , the  a r te r y  and v e in  be ing  used f o r  w ith d ra w a l o f b lood  and 
in je c t io n  o f d rugs r e s p e c t iv e ly .  Sodium n it ro p ru s s id e  (S ^ m o l”  ^ Kg, 
O .B ^ C i”  ^ Kg) was in je c te d  in  p h y s io lo g ic a l s a l in e ,  e i th e r  a lone  or 
w ith  aquocobalam in o r  sodium th io s u lp h a te ,  and washed i n  w ith  s a lin e .  
A t 1, 2 , 4 , 6, 10, 20, and 40 m in u tes  b lood  samples (0 .4 m l) were 
w ith d raw n  and c e n tr i fu g e d  (3000g f o r  10 m in u tes ) to  o b ta in  plasma. 
These plasma samples (O .Im lJ  were t ra n s fe r re d  to  a 5ml ME 260 s c in ­
t i l l a t o r  f o r  s c i n t i l l a t i o n  c o u n tin g . The plasma r a d io a c t iv i t y  was 
expressed as SNP e q u iv a le n ts .  C o n tro l expe rim en ts  w ere c a r r ie d  ou t 
d a i ly  u s in g  two r a t s ;  one re c e iv in g  SNP a lone  and one re c e iv in g  a 
m ix tu re  o f SNP w ith  H^OCb o r ST. The r e s u l t s  a re  expressed as means + 
se . S tuden ts  t - t e s t  was used f o r  com parisons, coup led  w ith  the  p a ire d  
t - t e s t  be ing  used f o r  com parisons w i t h in  the  same a n im a l. A proba­
b i l i t y  o f  <( 0 .05  was ta ke n  to  be s ig n i f ic a n t .
4 .2 .2  IN VITRO INTERACTION OF SNP AND BOVINE SERUM ALBUMIN
Mate r ia l s
Bovine  serum a lbum in , (BSA, f a t t y  a c id  f r e e )  and Sephadex G-25 
were purchased from  Sigma, M a lo n o n it r i le  and sodium n it ro p ru s s id e  
were o f AnalaR g rade . C hrom atograph ic columns were e lu te d  us in g  
is o to n ic  b u f fe r ,  pH 7 .2 ,  p repared  as p re v io u s ly  m entioned (C hapte r 2,
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p, 1 8 ). At every  stage o f a n a ly s is  a l l  a l iq u o ts  o f  SNP w ere  c a r e fu l ly  
p ro te c te d  from  l i g h t .
Sephadex G-25 Column Chrom a lo g m jh y .
-5I n i t i a l l y  SNP (O .O Ig, 3 .3  x 10 m ol) was added t o  a s o lu t io n  o f  
bov ine  serum a lbum in  (0 .6 g , 9 .05  x 10 ^m ol) in  is o to n ic  b u f fe r  and 
in c u b a te d  f o r  one hour a t  37°C. The r e s u l t in g  m ix tu re  was added to  a 
Sephadex G-25 column (30 x 2cm) and e lu te d  w ith  is o to n ic  b u f fe r  over a 
p e r io d  o f  fo u r  h o u rs , p ro te c te d  from  l i g h t  a t  a l l  t im e s . A l iq u o ts  
(5m l) o f  s o lu t io n  were in d iv id u a l ly  c o l le c te d  and a na lysed  f o r  a lbum in  
and SNP c o n te n t.
Alb u m in  and SNP D e te rm in a tio n
Each 5ml a l iq u o t  e lu te d  from  th e  chrom atography column was 
i n i t i a l l y  ana lysed  f o r  bov ine  serum a lbum in  c o n te n t. T h is  was done by 
re c o rd in g  th e  UY a b s o rp t io n  a t  280nm on a SP8-100 s p e c tro ­
photom eter a t  37°C. P ro te in s  show a c h a r a c te r is t ic  a b s o rp t io n  a t  t h i s  
w ave leng th  \  280nm. ( I n  th e  case o f a lbum in  t h i s  a b s o rp t io n  maximum 
i s  due to  th e  presence ot ty ro s in e  and try p to p h a n  amino a c id  r e s i ­
d u e s .) Each a l iq u o t  was the n  ana lysed  f o r  n it ro p ru s s id e  c o n te n t. The 
ca rb a n io n  o f m a lo n o n it r i le  re a c ts  w ith  n it ro p ru s s id e  to  fo rm  a h ig h ly  
c o lo u re d  a d d u c t^ ^ ^ \  and t h i s  p roves to  be an e x c e l le n t  spot t e s t  f o r  
SNP, A s o lu t io n  o f m a lo n o n it r i le  (1 .0  x 10” ^mol dm"^) a t  pH 11.5 was 
p repared  and 1ml volumes were added to  1ml o f th e  e lu te d  a l iq u o ts .
T h is  spot te s t  was com pleted w i t h in  one h o w , s in c e  the  a lk a l in e  
s o lu t io n  o f p re fo rm ed  m a lo n o n it r i le  ca rb a n io n  i s  o n ly  s ta b le  f o r  a few
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h o u rs . The presence o f a lbum in  in  th e  a l iq u o ts  d id  n o t in t e r fe r e  w ith  
th e  d e te rm in a t io n  o f SNP c o n te n t, s in ce  a c o n tro l expe rim en t o f an 
a lk a l in e  s o lu t io n  o f  a lbum in  and m a lo n o n it r i le  proved to  be n e g a tiv e ; 
no h ig h ly  co lo u re d  sp e c ie s  was form ed under these c o n d it io n s .
The whole  i n  v i t r o  s tudy  and a n a ly s is  was c a r r ie d  o u t th re e  tim es  
and gave c o n s is te n t r e s u l t s  each t im e .
NMR Spectrum o f SNP-^^C in  th e  Presence o f 
Bovine Serum A lbum in
To an s a tu ra te d  s o lu t io n  o f  a lbum in  in  is o to n ic  b u f fe r ,  pH 7 .2  
(10% DgO) was added 90% SNP-^^C (0 ,05m ol dm” ^ ) .  The spectrum  was
re co rd ed  on a V a r ia n  CFT-20 in s tru m e n t w ith  an a ccu m u la tio n  o f  3000
rscans a t  25^C, a pu lse  w id th  o f 7 /^ s e c  and a pu lse  de lay  o f  Osec.
4 .2 .3  IN  VITRO INTERACTION OF SNP WITH HAEMOGLOBINS
M t e r ia ls
Bovine haem oglob in , m ethaem oglobin, bov ine  haem atin , D ,L - 
d i t h i o t h r e i t o l ,  aquocobalam in, and g lu ta th io n e  (reduced fo rm ) were a l l  
purchased from  Sigma UK. L « c y s te in e  h y d ro c h lo r id e , N -a c e ty l-L -  
c y s te in e  (NAC), and sodium d i t h io n i t e  were o f AnalaR grade and 
purchased from  A ld r ic h .  Sodium n it ro p ru s s id e  and sodium hexacyano- 
f e r r a t e ( I I )  were o f AnalaR grade and purchased from  BDH, ^^C ~ la b e lle d  
n it ro p r u s s id e  and h e x a c y a n o fe r ra te ( I I )  were p repared  as p re v io u s ly  
m entioned (C hapte r 3 , p* 4 2 ) .
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Ex t r a c t io n  o f Human Haem oglobin
A b lood  sample was e x tra c te d  w ith  a an a l l  s c a lp e l.  The whole 
b lood  sample was th e n  l e f t  to  c o a g u la te . The r e s u l t in g  sample was 
c e n tr i fu g e d  (3000 r .p .m . f o r  30 m in u te s ) a f t e r  w h ich  the  plasma was 
decanted o f f .  The b o lu s  o b ta in e d  was tre a te d  w ith  acetone to  ly s e  th e  
e ry th ro c y te s .  The haem oglob in  samples were used w i t h in  two hou rs  o f  
e x t r a c t io n .
(19)T h is  i s  an a d a p tio n  o f a w e l l  e s ta b lis h e d  m ethod. The 
re q u ire d  q u a n t i ty  o f  bov ine  m ethaem oglobin was co nve rte d  to  oxyhaemo- 
g lo b in  by d is s o lv in g  th e  MetHb i n  is o to n ic  b u f fe r ,  pH 7 .2 , and add ing  
d ropw ise  a s o lu t io n  o f sodium d i t h io n i t e  (O .im o l dm”  ) .  The conver­
s io n  to  OgHb was m o n ito re d  by u v - v is ib le  spec troscopy  u s in g  an SP8-100 
sp e c tro p h o to m e te r. The O^Hb S o re t band i s  a t  4 l2-415nm  and th e  
appearance o f t h i s  band was m o n ito re d .
P re p a ra tio n  o f Bovine Deoxyhaemoglobin j
!
An is o to n ic  b u ffe re d  s o lu t io n  o f bov ine  MetHb was purged w ith  Î
j
n it ro g e n  f o r  th re e  hou rs  to  remove a l l  the  oxygen, and t re a te d  w ith  |
sodium d i t h io n i t e  (O .im o l dm” ^ )  added d ro pw ise . The u v - v is ib le  
spectrum  was m o n ito red  u n t i l  th e  S o re t band a t  430nra appeared.
j
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(  12 )T h is  i s  an a d a p tio n  o f  an e s ta b lis h e d  m ethod. To a s o lu t io n  
o f  phosphate b u f fe r ,  pH 7 .6 ,  i s  added th e  re q u ire d  amount o f haem atin  
and th e  s o lu t io n  s t i r r e d  in  an i c e / s a l t  ba th  u n t i l  th e  tem pe ra tu re  had 
e q u i l ib r a te d  a t  0 -4^C , To t h i s  was added a te n - fo ld  excess o f  d i -  
t h i o t h r e i t o l  and th e  r e s u l t in g  s o lu t io n  s t i r r e d  a t  0-4^C f o r  a f u r ­
th e r  30 m in u te s . The brown s o lu t io n  was th e n  e x tra c te d  e x h a u s tiv e ly  
w ith  pe tro leum  e th e r (6 0 -8 0 ) t o  remove un reacted  d i t h i o t h r e i t o l . The 
rem oval o f  d i t h i o t h r e i t o l  was m o n ito re d  by sp o t te s t in g  w ith  s o lu t io n s  
o f  SNP.
E le c tro p h o re s is  S tu d ie s
A Gelman 1 e le c tro p h o re s is  ta n k  was employed f o r  these s tu d ie s .  
The chambers o f the  e le c tro p h o re s is  appa ra tus  were f i l l e d  w ith  500ml 
o f b a rb ito n e  b u f fe r ,  pH 8 ,6 .  C e llu lo s e  a c e ta te  s t r ip s  were used as 
th e  e le c tro p h o re s is  s u p p o rt medium. For optimum r e s u l t s  s o lu t io n s  
(1 .6 2  X 10~^mol dm” ^ ) o f  each type  o f haem oglobin was p repared  i n  
is o to n ic  b u f fe r ,  pH7.2, and used as c o n t ro ls .  Samples o f  Hb (1 .6 2  
X 10” ^mol dm ^ ) ,a n d  SNP (3 .2  x 10 ^mol dm” ^ ) ( i . e . > 5 :1  Hb:SNP) were 
p repared and c a r e fu l ly  p ro te c te d  from  l i g h t .  Each c o n tro l Hb and i t s  
co rre sp on d ing  Hb;SNP m ix tu re  were a p p lie d  to  two independent c e l lu lo s e  
a c e ta te  s t r ip s .  T h is  ensured no s p u r io u s  r e s u l t s  due to  d if fe re n c e s  
in  th e  a c e ta te  s t r ip s .  The e le c tro p h o re s is  p rocess to o k  one hour 
a f t e r  w h ich  the  c e l lu lo s e  a c e ta te  s t r ip s  were deve loped i n  coomassie 
b lue  dye.
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U V -V ls ib le  S pectroscopy S tu d ie s
A ].l s p e c tra  were re co rd ed  on a P e rk in -E lm e r \  spectrophotom ­
e te r ,  w ith  com puter s p e c tra  s u b t ra c t io n  f a c i l i t y .  C o n c e n tra tio n s  
v a r ie d  depending upon th e  e xac t s to ic h io m e tr ie s  employed, b u t 
haem oglob ins and aquocoba lam in  c o n c e n tra t io n s  were u s u a lly  1 .62 x 
10~^mol dm ^ and 2.1 x 10 ^mol dm
^ V a n d  NMR-Studies
15 oA l l  N NMR s p e c tra  were re co rd ed  in  th e  FT mode a t  25 C on th e
15B ru ke r WH-360 s p e c tro m e te r. The N s p e c tra  were reco rded  a t  36.5MHz 
15r e la t iv e  to  CH  ^ NO  ^ as th e  e x te rn a l re fe re n c e  w ith  s p e c tra l w id th s  o f 
15151Hz, w ith  a pu lse  d e lay  o f 1 .08s between p u lse s  o f  5 -9  seconds.
15Sodium pentacyano( N ) n i t r o s y l f e r r a t e ( I I )  was p repared  as des- 
(21 )c r ib e d  p re v io u s ly  , the n  r e c r y s ta l l is e d  e x h a u s tiv e ly  from  m ethanol
15to  remove excess n i t r i l e .  To s o lu t io n s  o f  N a „ [F e ( I I) (C N )^  N0_]2 5 2
(O .im o l dm** and 5 .75  x 10”  mol dm”  ) in  phosphate b u f fe r ,  pH 7 .6  (10% |
DgO), in  success ive  expe rim en ts  w ere a dd e d ;- ( i )  haem (5 .75  x 10” ^mol j
dm” ^ ) ,  ( i i )  N -a c e ty l-L -c y s te in e  (O .im o l dm~^), and ( i i i )  N -a c e ty l-L -  i
c y s te in e  (5 .75  x 10"^mol dm~^) and haem (5 .75  x I0 ” ^mol dm~^). »
13P re lim in a ry  C NMR s p e c tra  were reco rded  on a V a r ia n  CFT-20 
sp e c tro m e te r. The s p e c tra  were reco rded  a t  20M1z r e la t iv e  to  e x te rn a l 
TSPSA. The number o f scans was t y p ic a l l y  2000-4000, u s in g  a pu lse  
de lay  o f Osec and a p u lse  w id th  o f 7yu-sec. G e n e ra lly  th e  co n c e n tra -
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13t io n s  o f  90% C - la b e lle d  cya n o fe r râ te s  i n  10% D^O phosphate b u f fe r ,
pH 7 .6 ,  o r is o to n ic  b u f fe r ,  pH 7 .2 ,  were 0.05m ol dm“ ^ .  N a tu ra l 
13abundance C NMR s p e c tra  o f th e  c y a n o fe rra te s  were g e n e ra lly  run  a t  
l iD O l dra” ^ in  10% D^O is o to n ic  b u f fe r .  C o n ce n tra tio n s  o f  the  haemo­
g lo b in s ,  sodium d i t h io n i t e ,  and d i t h i o t h r e i t o l  v a r ie d  depending upon 
th e  e xac t s to ic h io m e tr ie s  em ployed.
90MHz NMR s p e c tra  were reco rded  i n  th e  FT mode on th e  B ru ke r 
WH-360 sp ec tro m e te r o f the  S .E .R ,C . NMR s e rv ic e  a t  the  U n iv e rs ity  o f 
E d inbu rgh , A l l  s p e c tra  were re co rd ed  a t  25°C r e la t i v e  to  e x te rn a l TMS 
u s in g  s p e c tra l w id th s  o f  16129Hz and t y p ic a l l y  r e q u ir in g  5000 scans 
w ith  pu lse  d e la ys  o f 1 .01s between p u lse s  o f  4yas. C o n c e n tra tio n s  o f  
90% ^ ^ C - la b e lle d  SNP i n  10% D^O phosphate b u f fe r  ph 7 .6 ,  o r is o to n ic  
b u f fe r  pH 7 .2  were O.OSmol dm"^.
EPR S pectroscopy S tu d ie s
EPR s tu d ie s  were c a r r ie d  o u t a t  298K in  q u a rtz  c a p i l la r ie s  u s in g  
a B ru ke r ER 200D s p e c tro m e te r, D i - t - b u t y l  n i t r o x id e  was used as th e  
s tan d a rd  f o r  the  measurement o f th e  l in e  p o s i t io n s .  C o n c e n tra tio n s  o f 
SNP were t y p ic a l ly  0 .5m ol dm” ^ , c o n c e n tra t io n s  o f  t h io l s ,  d i t h io n i t e ,  
and d i t h i o t h r e i t o l  were 0.05m ol dm” ^ in  phosphate b u f fe r ,  pH 7 .6 .  
C o n c e n tra tio n s  o f  deoxyhaem oglob in  and haem were 0,01 mol dm” ^ and
0.1m ol dm re s p e c t iv e ly  in  is o to n ic  b u f fe r ,  pH 7 .2  and 7 .6 .  I  w ou ld  
l i k e  to  thank Dr J .C . W alton th e  use o f  the  EPR sp e c tro m e te r, and Mi’
1, Johnson f o r  h is  h e lp  and a d v ic e .
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Mole c u la r  Computer G ra ph ics
A l l  a tom ic  parameters and s tru c tu ra l aa ta  were o b ta in e d  from  the  
brookhaven P ro te in  Data Bank and P ro te in  Sequence Query System 
(D a resbury ) p ro v id e d  by th e  S .E .R .C . As d iscussed  p re v io u s ly  (C hap te r 
3 , p. 46) th e  program ChemX in  c o n ju n c t io n  w ith  VAX 11/765 and 
T e k tro n ic s  hardware were employed f o r  subsequent m olecular m o d e llin g  






F ig u re  1 B lood  p re ssu re  depressor response p lo ts  m easuring  th e  e f fe c t  
o f  10:1 HgOCb:SNP maximal doses.
Dose A 6 X lOT^mol SNP
C 6 X lOT^mol SNP and 6 x lOT^mol H^OCb
B 2 X IQ -’^ mol SNP
D 2 X loT^m ol SNP and 2 x 10“ ^mol H^OCb
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4 .3  RESULTS
4 .3 .1  PHARMACOLOGICAL-ASPECTS OF THE INTERACTION OF 
N ITROPRUSSIDE WITH AOUOCOBALAMIN AND TI-IIQSULPHATE
The E f fe c ts - o f  Aouocobalam ln on th e  Pharmacodynamics and 
Phapm aeokineties o f  Sodium N itro p ru s s id e
14In  Chapter 2 p re lim in a ry  e xpe rim en ts  u s in g  SNP- C and u v ~ v is ib le  
spec troscopy  s tu d ie s ,  unde rtaken  to  examine th e  s t a b i l i t y  o f  SNP in  
b lo o d  and b u f fe r  suggested t h a t  SNP fo rm s a complex w ith  aquocoba l- 
am in. F u rth e r s tu d ie s  u s in g  h ig h  f i e l d  NMR spec troscopy  (C hap te r 3) 
showed th a t  on m ix in g  aquocoba lam in  and SNP in  1:1 and 10:1 o r 2 :1  
m o la r r a t io s  re s u lte d  i n  1:1 and 2 :1  o o b a la m in :n itro p ru s s id e  complexes 
r e s p e c t iv e ly .  The ^^C NMR s p e c tra  coup led  w ith  EHMO c a lc u la t io n s  dem­
o n s tra te d  th a t  th e  fo rm a tio n  o f  th e  complexes in v o lv e d  Fe-C-N-Co 
b r id g e s , where th e  n it ro g e n  atom o f th e  cyano l ig a n d  o f  SNP i s  d i ­
r e c t ly  c o -o rd in a te d  to  th e  c o b a lt  atom o f the  coba lam in . T h e re fo re , a 
s e r ie s  o f  in  v iv o  s tu d ie s  were i n i t i a t e d  to  examine th e  pharmaco­
dynamic and p h a rm a c o k in e tic  consequences o f  these  1:1 and 2 :1  com­
p le xe s  d u r in g  th e  d rug  a c t io n  o f  SNP.
When HgOCb was added to  SNP in  a 10:1 o r 1:1 m o la r r a t io  t h i s  
caused a s ig n i f ic a n t  d e la y  in  bo th  th e  onse t and o f f s e t  o f the  de­
p re sso r response to  maximal doses (600 o r 200nraol) o f  SNP (see F ig u re
1 ) .  However, th e  degree o f b lood  p re ssu re  lo w e r in g  ach ieved  was n o t 
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U sing a 10:1 m o la r r a t i o  HgOCb^SNP m ix tu re  a s im i la r  p a t te rn  was 
o b ta in e d  w ith  s m a lle r  and more im p o r ta n t ly  e s ta b lis h e d  submaximal 
doses o f  SNP (20 and 5n m o l) . In  T ab le  2 th e  b lood  p re ssu re  lo w e r in g , 
onse t and o f f s e t  v a lu e s  f o r  SNP and th e  10:1 m ix tu re  f o r  bo th  
submaximal doses o f  20 and 5nmol o f SNP a re  summarised. S im ila r
Table  2
B lood p re ssu re  lo w e r in g , o n se t, and o f f s e t  t im e s  as a r e s u l t  o f 
submaximal doses o f  20nmol and 5nmol o f SNP and co rre sp o n d in g  10:1 
H2 ÛCb:SNP m ix tu re s .
Submaximal Dose
SNP a lone  
(20nmol)
H 0Cb:8NP 10:1 
(20nm ol)
SNP a lone  
(5nm ol) 
HgOCbLSNP 10:1  
(5 nmol)
B lood  P ressure  
(mm Hg)
20 t  0 .3
18 + 0 .9
16 + 2
14 ± 1
Onset O ffs e t
Time (s )  Time (s )
2 6 + 2
50 + 7






r e s u l t s  were o b ta in e d  f o r  two o th e r  r a t s  s u b je c te d  to  th e  same 20 and 
5nmol SNP doses a lo n e , o r m ixed w ith  H^OCb. C o n tro l e xpe rim en ts  were 
c a r r ie d  o u t u s in g  H^OCb a lo ne  w h ich  had no h yp o te n s iv e  e f fe c t  when 
a d m in is te re d  in  doses ra n g in g  from  50 to  6000nmol. When th e  H^OCb was 
added to  SNP (600 o r 200nmol) doses in  a 0 .5 :1  m o la r r a t io ,  i t  had no 
s ig n i f ic a n t  e f f e c t  on th e  dep resso r response to  SNP (see Table  1 ) .  In
F ig u re  2 P lo t o f  Plasma R a d io a c t iv i t y  Verse Time A f te r  
C S N P .In je c t io n .
100 SNP only








14M in u tes  a f t e r C-SNP
The e f fe c t  o f m ix in g  aquocobalam in (a ) ,  o r th io s u lp h a te  (b ) w i t h '
14sodium n it r o p r u s s id e -  C on plasma r a d io a c t iv i t y .  The aquocobalam in 
o r  th io s u lp h a te  (10 o r 12 m o la r excess re s p e c t iv e ly )  were m ixed w ith  
th e  n it ro p ru s s id e  p r io r  to  in je c t io n .  The n it ro p ru s s id e  dose was 
5 mol k g ~ \  0 .3  Ci kg~^ ( i . v . ) .  The c o n tin u o u s  and dashed l in e s  
correspond to  "n it ro p ru s s id e  a lo n e " and "m ix tu re "  r e s p e c t iv e ly .  The 
data  p o in ts  a re  means + s .e . (n = 4 and 6 f o r  aquocobalam in and 
th io s u lp h a te  e xpe rim en ts  r e s p e c t iv e ly ) .  A s te r is k s  in d ic a te  a 
s ig n i f ic a n t  d if fe re n c e  (P < 0 .0 5 )  from  n it ro p ru s s id e  a lo n e .
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a n a ly s in g  th e  da ta  i t  can be noted t h a t  m ix in g  SNP w ith  a m o la r excess 
o f  HgOCb p ro longed  th e  dep resso r response in  a n a e s th e tis e d  r a t s  by 
30- 70%o However, th e  a d d it io n  o f H^OCb appeared n o t to  in c re a s e  the  
degree o f b lood  p re ssu re  lo w e r in g .
When aquocobalam in was added to  th e  in je c te d  s o lu t io n ,  in  a 10:1
14HgOCbiSNP m o la r r a t io ,  t h i s  re s u lte d  i n  an e le v a t io n  o f SNP- C 
d e r iv e d  r a d io a c t iv i t y  in  th e  plasm a. The plasma e l im in a t io n  p r o f i le s  
(F ig u re  2a) f o r  SNP a lo ne  and th e  m ix tu re  were ro u g h ly  p a r a l le l  d u r in g  
th e  f i r s t  10 m in u tes  o f in fu s io n ,  w h ile  c o n c e n tra t io n s  o f  ra d io a c t ­
i v i t y  a s s o c ia te d  w ith  the  m ix tu re  were 2-3  tim e s  g re a te r .  T h e re fo re ,
th e  p ro lo n g a t io n  o f  response rio ted e a r l i e r  co u ld  be l in k e d  w ith  a
14marked e le v a t io n  o f plasma SNP- C d e r iv e d  r a d io a c t iv i t y  when H^OCb
and SNP were in je c te d  to g e th e r  in  a 10:1 m o la r r a t io  m ix tu re .  In  such
a m ix tu re  the  2 :1  c o b a la m in :n itro p ru s s id e  complex w i l l  be p re s e n t.
T h e re fo re , i t  i s  app a re n t th a t  such a spec ies  tends to  r e ta in  th e
in fu s e d  n it ro p ru s s id e  w i t h in  th e  plasma space. I f  i t  i s  assumed th a t
«» 1 {?? 1th e  r a t  plasma volume i s  40,4m l Kg*“ ' , i t  can be concluded th a t  a t  
one m inu te  a f t e r  in je c t io n  o f the  H OCb:SNP m ix tu re  a lm o s t 80% o f  the  
in je c te d  r a d io a c t iv i t y  i s  re ta in e d  in  th e  plasma, whereas f o r  th e  
in je c t io n  o f SNP a lone  31% o f th e  r a d io a c t iv i t y  i s  re ta in e d  in  the  
plasm a.
In  th e  case o f th e  1:1 m o la r r a t i o  HgOCb^SNp a t  e s ta b lis h e d  
submaximal doses o f  SNP th e re  appeared to  be no de lay  in  th e  dep resso r 
response . S ince such a m ix tu re  r e s u l t s  in  th e  p ro d u c tio n  o f a 1:1 
c o b a la m in :n itro p ru s s id e  complex i t  i s  appa ren t th a t  such complex 
fo rm a tio n  does n o t im p a ir  the  m o b i l i t y  o f  the  SNP s ig n i f i c a n t ly  and
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th e  a c c e s s ib i l i t y  o f  th e  n i t r o s y l  l ig a n d  to  th e  re c e p to r  s i t e ,  whereas 
a t  maximal doses (600 o r 200nraol) t h i s  1:1 complex causes s ig n i f ic a n t  
p ro lo n g a t io n  in  bo th  onse t and o f f s e t  o f  the  dep resso r response . T h is  
cannot be e a s i ly  e x p la in e d .
In  th e  10:1 m o la r r a t io  o f  HgOCbnSNP p ro du c in g  a 2 :1  coba lam in : 
n it ro p r u s s id e  complex, d e s p ite  th e  h in d ra n ce  o f  th e  two V ita m in  
m o ie t ie s  th e re  was no re d u c t io n  o f th e  h y p o te n s ive  a c t i v i t y  o f the  
SNP. The complex may a c t as a s o r t  o f  depot in  th e  plasm a. I t  seems 
u n l ik e ly  to  be a b le  to  g a in  access to  the  s i t e  o f a c t io n  i n  th e  smooth 
m uscle membrane, e .g .  g u a n y la te  c y c la s e , to  e x e r t  any s p a s m o ly tic  
e f f e c t .  The mode o f  a c t io n  o f SNP i s  d iscussed  la t e r  in  th e  C hapter, 
b u t i t  can be noted fro m  Photographs 16 and 17 th a t  th e re  i s  a reason­
a b le  a rea o f space f o r  th e  NO l ig a n d  to  in te r a c t  w ith  L -c y s te in e , 
th o u g h t to  be an in t e g r a l  p a r t  o f  th e  re c e p to r  s i t e  o f g u a n y la te  
c y c la s e . A l t e r n a t iv e ly ,  th e  complex co u ld  a c t as a depo t, re le a s in g  
th e  n i t r o s y l  -  th e  a c t iv e  v a s o d i la to r  component more s lo w ly  th a n  SNP 
a lo n e .
( 2 3 ) 14Hobel and R a ith e lh u b e r re p o r te d  th a t  when SNP- C doses o f
1 . 3 ^ mol Kg“  were in fu s e d  in t o  r a t s ,  th e  r a d io a c t iv i t y  in  th e  b lood
d e c lin e d  r a p id ly  in  th e  f i r s t  4-6  m in u tes  and the n  f e l l  more s lo w ly .
These re p o r ts  a re  in  g e n e ra l agreement w ith  th e  w ork d iscussed  h e re .
However, because o f  th e  r e la t i v e l y  low  s p e c i f ic  a c t i v i t y  o f  the  
14SNP- G used he re , th e  dose o f the  d rug used f o r  th e  p h a rm a co k in e tic
s tu d ie s  was about f i v e  tim e s  h ig h e r  tha n  th e  h ig h e s t dose used f o r  the
pharmacodynamic s tu d ie s .  A lthough  i t  co u ld  be seen th a t  th e  hypo ten -
14s iv e  e f fe c t  was a s s o c ia te d  w ith  a v e ry  marked f a l l  in  SNP- C d e r iv e d
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r a d io a c t iv i t y  in  th e  plasma, i t  i s  d i f f i c u l t  t o  r e la te  them p re c is ­
e ly ,  D u ring  th e  f i r s t  4-6 m in u tes , presum ably th e  f a l l  in  co n ce n tra ­
t io n  o f th e  plasma r a d io a c t iv i t y  i s  a s s o c ia te d  w i th  a r e d is t r ib u t io n  
o f th e  drug t o  i t s  s i t e  o f a c t io n  in  th e  v a s c u la r  s iioo th  m uscle . 
N it ro p ru s s id e  can cause a f a l l  in  p e r ip h e ra l re s is ta n c e  and in c re a s e  
th e  a r t e r i a l  c a p a c ity  to  any d e s ire d  le v e l  w i t h in  30 seconds; th u s  th e  
d u ra t io n  o f i t s  a c t io n  i s  e x tre m e ly  s h o r t ,  and on d is c o n t in ia t io n  o f 
in fu s io n ,  th e  b lood  p ressu re  re tu rn s  to  normal u s u a lly  w i th in  2-5  
m in u te s . Hence, th e  ra d io a c t iv e  SNP-^^C a f t e r  t h i s  p e r io d  w i l l  the n  
be m e ta b o lise d  and e xc re te d .
The. E f fe c t  o f Sodium T h io s u lp h a te  on th e  Pharma codynamics and 
Pharm aGOkinetics o f Sodium N itro p ru s s id e
When sodium th io s u lp h a te  was added to  SNP and g iv e n  as an i . v .  
b o lu s  dose to  th e  r a ts ,  i t  had no s ig n i f ic a n t  e f f e c t  on th e  depressor 
response o f n it ro p ru s s id e .  Submaximal doses o f 12 and 6nmols o f  SNP 
e i t h e r  a lo ne , o r as an ST;SNP m ix tu re  a t  12:1 m o la r r a t io  w ere  g iv e n  
to  th e  r a ts .  Saunders and H im lic h ^ ^ ^ ^  concluded th a t  th e  optimum 
th io s u lp h a te  to  cyanide m o la r r a t io  f o r  rhodanase-m ed ia ted  d e to x i­
f i c a t i o n  i s  2 -3 :1 ,  However, th e  fa c t  th a t  each m o le cu le  o f  SNP 
c o n ta in s  f i v e  cyanide lig a n d s  le a d s  to  the  r a t io n a le  i n  t h i s  p re se n t 
s tud y  f o r  u s in g  a 12:1 m o la r r a t io  m ix tu re . The b lood  p re ssu re  
lo w e r in g , o n se t, and o f f s e t  tim e  v a lu e s  co rre sp o n d in g  to  th e  h ig h e r  
and lo w e r doses (12nmol and 6nm ol) o f  SNP and th e  m ix tu re  a re  shown in  
Table  3 ,
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Table _3_
Submaximal Dose B lood  P ressure  Onset O ffs e t
(mm Hg) Time (s )  Time (s )
SNP a lone
(12nm ol) 3 2 + 2  2 2 + 2  59 ± 3
ST:SNP 12:1
(12nm ol) 34 i  3 2 3 + 2  5 0 + 4
SNP a lone
(6 nmol) 2 1 + 1  20 + 1 4 6 + 7
ST:SNP 12:1
(6 nmol) 2 5 + 3  1 9 + 1  5 0 + 4
C o n s is te n t r e s u l t s  were g iv e n  by a f u r t h e r  th re e  r a t s .  These
r e s u l t s  i n i t i a l l y  appear to  d is a g re e  w ith  th e  s tudy o f  Iv a n k o v ic h  ^  
(25)a l . They re p o r te d  th a t  d u r in g  a f i v e  hour in fu s io n  in  dogs, th e  
dose o f SNP a lo n e , u n l ik e  th a t  o f  an 18:1 m o la r r a t i o  STiSNP m ix tu re , 
had to  be s te a d i ly  reduced to  m a in ta in  a c o n s ta n t le v e l  o f hypo ten­
s io n .  Iva n ko v ich  e x p la in e d  t h i s  necessary dosage re d u c t io n  w ith  SNP
a lone  i s  due to  decrease in  c a rd ia c  re s e rv e  due to  th e  t o x i c i t y  o f
( 5 )a ccu m u la tin g  c ya n id e . However, Schulz ^  a l  re p o r te d  th a t  no such 
in d i r e c t  enhancement o f th e  h yp o te n s iv e  e f fe c t  o f  SNP g iv e n  "ch ro n ­
i c a l l y "  was d e te c te d . They re p o r te d  th a t  in  a s in g le  p a t ie n t ,  
in fu s io n  o f a 12:1 m o la r r a t i o  o f ST;SNP m ix tu re  was e q u a lly  o r 
s l i g h t l y  more e f f e c t iv e  th a n  ju s t  SNP f o r  lo w e r in g  th e  b lood  
p re s s u re . In  th e  p re s e n t s tudy  any e f f e c t  o f c u m u la tiv e  cyan ide  
c a r d io to x io i t y  w ou ld  n o t be appa ren t from  mean d a ta , u s in g  s in g le  
b o lu s  doses o f  SNP o r ST:SNP m ix tu re  g iv e n  in  a random ised o rd e r .
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However, when in d iv id u a l  responses in  each r a t  were examined they 
showed no in c re a s e  in  th e  e f f ic a n c y  o f  SNP d u r in g  th e  p e r io d  o f  each 
e xp e rim e n t. T h is  in d ic a te s  th a t  no cyan ide  induced c a r d io to x io i t y  had 
o c c u rre d .
A d d it io n  o f  sodium th io s u lp h a te  to  th e  in je c t io n  s o lu t io n  to  g iv e
a 12:1 ST:SNP-^ m o la r r a t i o  had a le s s  marked in f lu e n c e  on th e  
111plasma SNP- C d e r iv e d  r a d io a c t iv i t y  th a n  H^OCb (see F ig u re  2 b ) .  The 
m a jo r e f fe c t  was an e le v a t io n  o f  plasma r a d io a c t iv i t y  a t  4, 6, and 10 
m in u tes , o f  some 50-60%. S ince th e  pha rm aco lo g ica l response to  SNP 
was u n a ffe c te d , i t  i s  presumed th a t  th e  h ig h e r c o n c e n tra t io n s  o f
r a d io a c t iv i t y  were due to  in a c t iv e  d e g ra d a tio n  p ro d u c ts  ra th e r  than
(23) 14th e  a c t iv e  sp e c ie s  i t s e l f .  Hobel and R a ith e lh u b e r ‘ , u s in g  SNP- c
o f  s p e c i f ic  a c t i v i t y  s e v e ra l hundred tim e s  g re a te r  th a n  th e  p re sen t
s tu d y , examined some o f th e  d e g ra d a tio n  p ro d u c ts  in  th e  b lo o d . The
re p o r te d  p ro p o r t io n s  o f SNP, cya n ide , and th io o y a n a te  in  b lood  a t  1,
10, and 40 m inu tes  re s p e c t iv e ly  were 92, 6 , and 2%; 68, 25, and 6%;
and 28, 30, and 40%.
In  com paring ST w ith  th e  use o f aquocobalam in as an a d ju n c t to  
SNP tre a tm e n t, HgOCb s u f fe r s  from  a number o f d isa d va n ta g e s . Aquo­
coba lam in  has a r e la t i v e l y  h ig h  m o le c u la r w e ig h t, so th a t  la rg e  
amounts o f  i t  a re  re q u ire d .  For example, about 2 .5 g  o f  H^OCb w ou ld  be 
re q u ire d  to  n e u t ra l is e  a l l  th e  cyan ide  co n ta in ed  w i t h in  lOOmg o f  SNP, 
th e  recommended dose re p o r te d  by C o le ,^^^^  A d d it io n a l d isadvan tages  o f
HgOCb, a p a r t  from  a g re a te r  i n t r i n s i c  t o x i c i t y ,  a re  a lo w e r a n t id o ta l
(27 )e f f ic a c y  compared w ith  ST as re p o r te d  by Hobel jgf. a l . The p re se n t 
in  v iv o  s tu d ie s  show th a t  aquocobalam in and n it ro p ru s s id e  c h e m ic a lly
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in te r a c t  r e s u l t in g  i n  a p ro longed  and p ro b a b ly  le s s  p re d ic ta b le  
p h a rm a co lo g ica l response . The mechanism o f v a s o d ila to ry  a c t io n  s t i l l  
re q u ire s  f u r t h e r  in v e s t ig a t io n .
4 .3 .2  THE IN VITRO INTERACTION OF NITROPRUSSIDE AND BOVINE
SERUM-ALBUMIN
Album in has a r e la t i v e l y  h ig h  c o n c e n tra t io n  i n  th e  plasma 
(O.68ramol dm "^). I t  p la y s  an im p o r ta n t r o le  in  r e g u la t in g  c o l lo id -  
osm o tic  p re s s u re . S ince  th e  is o e le c t r o n ic  p o in t  o f a lbum in  i s  4 .9 ,  i t  4
o ccu rs  in  th e  b lood  p re d o m in a n tly  in  a n io n ic  fo rm  and so can b in d  ;]
J
c a t io n s .  On th e  o th e r  hand, i t  can a ls o  b in d  a n io n s , and i n  t h i s  way !1
m a n ife s ts  a type  o f d e te rg e n t fu n c t io n .  In  t h i s  re s p e c t a lbum in  can 
be c a lle d  a "u n iv e rs a l c a r r ie r " .  I t  i s  p o s s ib le  th a t  SNP, when 1Iin fu s e d  in t o  th e  body by i . v ,  in je c t io n ,  though s o lu b le  in  th e  ;iÎplasma, may in  p a r t  b in d  to  a lb um in  as a p o s s ib le  means o f  t ra n s p o r t  |
Io f th e  d rug to  th e  s i t e  o f a c t io n .  To in v e s t ig a te  any in t e r a c t io n  |jbetween n it ro p ru s s id e  and a lb um in , _in v i t r o  s tu d ie s  were c a r r ie d  o u t %
u s in g  Sephadex G-25 column chrom atography. I n i t i a l l y  a 3 :1  BSA:SNP I
m ix tu re  was a llo w e d  to  in c u b a te  a t  37°C f o r  one hour in  a minimum i
I
volume o f is o to n ic  b u f fe r  pH 7 .2 ,  th e n  th e  r e s u l t in g  s o lu t io n  was ’ 1^
added to  a Sephadex column and e lu te d  w ith  is o to n ic  b u f fe r .  Sm all j
1
a l iq u o ts  were in d iv id u a l ly  c o l le c te d  and ana lysed  f o r  bo th  n i t r o -  Î
p ru s s id e  and a lbum in  c o n te n t.  The r e s u l t s  o f  th e  in d ic a te d  a n a ly s is  a |
sm a ll q u a n t i ty  o f p ro te in  was e lu te d  f i r s t  from  th e  column b u t a l l  o f  {
1the  SNP and th e  m a jo r i ty  o f th e  BSA were e lu te d  to g e th e r .  T h e re fo re , |
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t h i s  i s  d e f in i t e  ev idence  o f an in te r a c t io n  between SNP and th e  
p ro te in  th a t  can w ith s ta n d  e lu t io n  th ro u g h  an a n io n ic  colum n. In  an
1 3e f f o r t  to  in v e s t ig a te  f u r t h e r  t h i s  in t e r a c t io n  a C NMR spectrum  was 
13re co rd ed  o f  90% C « la b e lle d  SNP and BSA m ix tu re  a t  th e  same 3:1
13p ro te in :S N P  r a t i o .  The 20MHz C NMR spectrum  showed th e  c h a ra c te r­
i s t i c  second o rd e r SNP resonance . T h is  in d ic a te s  th a t  th e re  i s  
n e ith e r  an io n ic  no r c o v a le n t in t e r a c t io n  between SNP and BSA, 
However, to  w ith s ta n d  e lu t io n  down a Sephadex column, th e re  must in
f a c t  be a hydrogen bond ing  in t e r a c t io n ,  w h ich  has no s ig n i f ic a n t
13e f fe c t  on th e  90% C e n r ic h e d  spectrum  o f SNP. T h is  typ e  o f 
in t e r a c t io n  can be e x p la in e d  i f  th e  d e te rg e n t fu n c t io n  o f  a lbum in  i s  
co n s id e re d ; when a n ion s  a re  bound to  a lbum in  t h i s  in v o lv e s  a hydrogen 
bond ing  in t e r a c t io n .
4 . 3 . 3  IN VITRO INTERACTION OF-SNP WITH HAEMOGLOBINS
S ince SNP b in d s  so r e a d i ly  to  aquocobalam in (V ita m in  i t s
model compound, aquom ethy lcoba lox im e , and a lbum in  i t  may in t e r a c t  w ith
o th e r m acrom olecu les c o n c e n tra te d  in  th e  b lo od  when i t  i s  in fu s e d  in t o
th e  b lo o d  s tream , e .g .  haem oglob in  (see Photograph 1 8 ), a p ro te in
composed o f  fo u r  p e p tid e  ch a in s  (2  oc and 2 a s u b u n its , see Appendix
2 ) .  Each s u b u n it c o n ta in s  a haem m o ie ty , a p o rp h y r in  r in g  system  (see
Photograph 1 9 ) . T h is  i s  a v e ry  c o n t ro v e rs ia l s u b je c t ,  s in ce  i t  has
(12 28)been argued i n  th e  l i t e r a t u r e  * f o r  s e v e ra l y e a rs  th a t  n i t r o -  
p ru s s id e s  mode o f v a s o d i la t in g  a c t io n  in v o lv e s  th e  fo rm a tio n  o f 
n it ro s y l-h a e m o g lo b in  by in t e r a c t io n  w ith  haem og lob in .
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I t  i s  t h i s  sp e c ie s  w h ich  a c t iv a te s  th e  t h i o l  g roups o f  th e  enzyme 
g u a n y la te  cyc la se  (EC 4 ,6 ,1 .2 )  whose p rim a ry  p ro d u c t cyc lic -G M P  i s  
im p lic a te d  i n  th e  d i r e c t  a c t io n  o f  v a s c u la r  smooth m uscle r e la x a t io n .
W h ile  B au g h le r and o t h e r s ^ ^ ^ r e f u t e  th e  re q u ire m e n t f o r  haem, 
they  in s te a d  c la im  th a t  th e  n i t r o s y la t in g  sp e c ie s , e .g .  SNP, re a c ts  
w ith  an e le c t r o p h i l io  t h i o l  compound, e .g . L -c y s te in e ,  to  fo rm  a 
s h o r t  l iv e d  S - n i t r o s o th io l ,  e .g .  S -n i t ro s o -L -c y s te in e ,  and i t  i s  t h i s  
sp ec ies  w h ich  a c t iv a te s  g u a n y la te  c y c la s e . T h e re fo re , w ith  t h i s  
c l i n i c a l  s ig n if ic a n c e  in  m ind th e  in te r a c t io n  o f  SNP w ith  v a r io u s  
ty p e s  o f  bov ine  haem oglob in  and human haem oglob in  was i n i t i a l l y  
s tu d ie d  by th e  te ch n iq u e  o f  e le c tro p h o re s is .
Samples o f  5 :1  Hb:SNF a t  p h y s io lo g ic a l ly  re le v a n t  c o n c e n tra t io n s  I
were p repared  w ith  v a r io u s  ty p e s  o f  haem oglob in , e .g .  bov ine  m et- 
haem oglob in , deoxy, and oxyhaem oglob in , and human haem oglob in  e x tra c ­
te d  from  f re s h  b lo o d . These m ix tu re s , and c o n t ro l Hb were a p p lie d  to  
two independent a c e ta te  s t r ip s  and s u b je c te d  to  an e le c tro p h o re s is  
c u r re n t .  Any in te r a c t io n  o f SNP and haem oglob in  w ou ld  cause th e  
m o b i l i t y  o f th e  haem oglob in  i n  th e  c u r re n t  to  be a lte r e d  in  com parison 
to  th e  c o n tro l haem oglob in , a r is in g  from  charge d if fe re n c e s  between 
s p e c ie s . The e le c tro p h o re s is  te ch n iq u e  showed no d if fe re n c e s  in  
m o b i l i t y  between th e  v a r io u s  haem og lob ins; m et, o^cy, and e x tra c te d  
human haem oglob in  and t h e i r  co rre sp o n d in g  5 :1  Hb:SNP sam ples. In  th e  
ease o f  deoxyhaem oglobin th e re  was a s l i g h t  d if fe re n c e  between th e  
c o n t ro l and the  5 :1  Hb:SNP sam ple. T h is  was re p ro d u c ib le ,  b u t i t s  
s ig n if ic a n c e  a t  t h i s  s tage  co u ld  n o t be assessed f u r t h e r  u s in g  t h is  
te c h n iq u e .
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In  an a tte m p t to  in v e s t ig a te  these  e le c tro p h o re s is  o b s e rv a tio n s , 
samples o f  haem oglob ins and Hb:SMP d iscussed  p re v io u s ly  were s tu d ie d  
by u v - v is ib le  sp ec tro sco py  u t i l i s i n g  a com pute rised  s p e c tra l sub­
t r a c t io n  f a c i l i t y .  I n i t i a l l y  th e  v i s ib le  spectrum  o f the  v a r io u s  
haem oglob ins (1 .6 2  x 10 ^mol dm in  th e  re g io n  400-600nm were 
re co rd ed  (see Table  4 ) .  These were th e n  compared w ith  th e  s p e c tra  o f 
th e  5 :1  Hb:SNP s o lu t io n s  (SNP (3*24  x 10“ ^mol dm~^) i t s e l f  d id  n o t 
show any s ig n i f ic a n t  a b s o rp t io n  in  t h i s  re g io n  o f  the  v i s ib le  spec­
tru m ).  A ga in  th e re  was no s ig n i f ic a n t  change i n  com paring th e  s p e c tra  
o f  the  v a r io u s  Hb and Hb:SNP s o lu t io n s ,  excep t w ith  deoxyhaem oglobin 
(2 .1  X 10 *mol dm ^ )  and SNP (O.OSmol dra"^) in  excess. (SNP d id  n o t
Table_4
S o lu t io n  A b s o rp tio n  (nm)
S o re t DC P
m ethaem oglobin 405 500
5 :1  methaemoglobin:SNP 405 500
oxyhaem oglob in 415 540 580
5:1  oxyhaemoglobin:SNP 415 540 580
deoxyhaem oglobin 430 55S
5 :1  deoxyhaemoglobin:SNP 425 555
deoxyhaem oglobin :SN P(excess) 420 540 570
in te r fe r e  w ith  t h i s  s p e c tru m .) No o th e r  Hb:SNP sample, a t  these  
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(n o t shown in  Tab le  4 ) ,  The r e s u l t in g  spectrum  lo o ke d  s im i la r  to  th a t  
o f  n i t ro s y  1 -haem oglob in  (S o re t 418, (X 545, and j3 575nin). A t no 
stage in  these  u v - v is ib le  s tu d ie s  was th e re  evidence  o f th e  p ro d u c tio n  
o f  m etcyanohaeraoglobin (S o re t 415, 530nm). T h is  i s  i n  d i r e c t
c o n tra s t  to  Sm ith  and Krusyna^^^^ who c la im  SNP re a c ts  w ith  haemo­
g lo b in  to  g iv e  raetcyanohaem oglobin and fo u r  f r e e  cya n ide s . T h is  was 
supposed to  occur by d o m tio n  o f an e le c tro n  from  oxyhaem oglobin to  
n it ro p r u s s id e ,  so caus ing  th e  n it ro p ru s s id e  to  become u n s ta b le . T h is  
lo s s  o f an e le c tro n  ty  OgHb causes th e  fo rm a tio n  o f metKb w h ich  w ou ld  
th e n  re a c t w ith  one cyanide o f th e  u n s ta b le  n it ro p ru s s id e  to  fo rm  
m etcyanohaem oglobin.
S ince th e  in t e r a c t io n  o f SNP and aquocobalam in has been w e l l  doc- !
umented by v a r io u s  d i f f e r e n t  a n a ly t ic a l  te ch n iq u e s  in  p re v io u s  chap- i
te r s ,  th e  in t e r a c t io n  o f Hb and n it ro p ru s s id e  was s tu d ie d  a t  v a r io u s  j
s ig n i f ic a n t  m o la r r a t io s  by u v - v is ib le  sp e c tro sco p y . T h is  s tudy  liishou ld  de te rm ine  w he the r d i f f e r e n t  b in d in g  sp ec ies  v a r ie d  i n  t h e i r  i
p o s i t io n  in  th e  v is ib le  sp e c tr iro , o r m ere ly  t h e i r  s p e c tra l shapes; 4
th e re fo re ,  a llo w in g  th e  in te r p r e ta t io n  o f th e  v a r io u s  changes in  shape jI
and p o s i t io n  o f when SNP in t e r a c t s  w ith  de oxyhaem oglobin a t  1
v a r io u s  r a t io s .  A t m o la r r a t io s  o f  1 :1 , 1 :2 , and 1:10 H„OGb:SNP (as  ■^ iÎ
p re v io u s ly  d iscu ssed ) th e  .predom inant spec ies  in  s o lu t io n  i s  S pec ies  1
1, and a t  the  m o la r r a t io  o f 5 :1  H_OCb:SNP S pecies 2 w i l l  p redom ina te  !
^ .1
(see F ig u re  3 ) .  T h e re fo re , th e re  a re  s ig n i f ic a n t  changes i n  th e  shape -
o f  th e  o( and ^  bands a t  532 and 512nra re s p e c t iv e ly  due to  th e  two
d i f f e r e n t  sp ec ies , but no change i n  th e  p o s i t io n  o f  th e  bands. Thus j
ib in d in g  o n ly  causes changes in  th e  shape o f th e  u v - v is ib le  spectrum . j
In  th e  case o f de oxyhaem oglobin and SNP th e re  must n o t o n ly  be 1
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p o s s ib le  b in d in g , but a chem ical re a c t io n  to  cause a s h i f t  in  th e  
p o s i t io n  o f th e  a b s o rp tio n .
and NI^ iR S tu d ie s  o f th e  In te r a c t io n  o f SNP 
and Haemoglo b in
When th e  in t e r a c t io n  o f ^ ^ C - la b e lle d  SNP (O.OSmol din and O^Hb 
and MetHb (2 .1  x ICT^mol dm*"^) was s tu d ie d  by 20MHz NMR s p e c tro s ­
copy th e  r e s u l t in g  s p e c tra  were id e n t ic a l  to  th e  SNP second o rd e r 
spectrisD (as  d iscussed  i n  C hapter 3 ) .  Even when th e  m o la r r a t io  o f 
SNP and haem s u b u n its  was changed to  1:1 th e  SNP spectrum  re n a in e d  
u n p e rtu rb e d . When a s o lu t io n  o f SNP-^^C (O.OSmol dm and deosqr-
•mI}haem oglobin (2 .1  x 10 mol dm ) in  is o to n ic  b u f fe r  pH 7 .2  was
13reco rded  on a 90MHz C NMR sp e c tro m e te r a new AX^ spectrum  was
observed . T h is  spectrum  showed . = 139 .7 , = 138 .9 , and
J = l8 ,7 H z , and a sharp s in g le t  a t  = 177.9ppm as w e l l  as o f  th e
13 2“c h a r a c te r is t ic  AX^ spectrum  o f f r e e  [F e ( CN)^NO] (see C hapter 3 , 
p. 3 9 ) . T h is  sharp  s in g le t  resonance a t  177.9ppm i s  c h a r a c te r is t ic
1 Q it..o f  [Fe CN)g] ~ (see Chapter 3 , p. 5 9 ) . T h is  new AX^ sp e c ie s  i s
in d ic a t iv e  o f an in t a c t  c y a n o fe rra te  spec ies  s im i la r  to  th e  1:1
SNP;H20Cb complex (S pec ies  1) d iscu ssed  p re v io u s ly  (p . 108). From th e  
13"C chem ica l s h i f t  o f th e  new AX^ . spectrum  i t  i s  app a re n t th a t  th e  
n i t r o s y l  l ig a n d  i s  s t i l l  p re se n t and by ana logy to  th e  1:1 SNP^H^OCb 
com plex, S pecies 3 i s  form ed by th e  co m p lexa tio n  o f  th e  a x ia l  cyano 
l ig a n d  o f [Fe(^^CN)^NO ]^ to  th e  F e ( I l )  o f  th e  deoJÇr^haemoglobin.
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Spec ies 3
ON N -Ç53» Fe
To de te rm ine  w he the r th e  h e x a c y a n o fe r ra te ( I I )  form ed i n  th e
13re a c t io n  d id  n o t f u r t h e r  re a c t  w ith  deoxyhaem oglobin th e  C Ml# 
spectrum  o f 90% ^^C ~ la b e lle d  [F e (C N )^ ]^ “  (O.OSmol dm"^) and deoxy- 
haem oglob in  (2 .1  x  10~ mol dm" ) was th e n  re c o rd e d . The s in g le t  
resonance o f h e x a c y a n o fe r ra te ( I I )  was u n p e rtu rbe d  by th e  presence o f 
de oxyhaem oglobi n .
I t  has been e s ta b lis h e d  t h a t  SNP re a c ts  w i th  t h io l s  and s u lp h id e s
(31 32)to  fo rm  co lo u re d  a d d u c ts . * When deoxyhaem oglobin i s  p repared  by
th e  method no ted  in  th e  e x p e rim e n ta l s e c t io n  (p . 9 2 ) , m ethaem oglobin
i s  t re a te d  w ith  a minimum q u a n t i ty  o f re d u c in g  agen t, sodium d i t h i -
o n i te .  T h e re fo re , a c o n t ro l e xpe rim en t was c a r r ie d  o u t to  de te rm ine
any in te r fe re n c e  by sodium d i t h io n i t e  in  th e  SNP:deoxyhaem oglobin 
13system . A C NMR spectrum  was re co rd ed  o f  a s o lu t io n  o f 90% 
^ ^ C - la b e lle d  SNP (O.OSmol dm"^) to  w h ich  was added a few d rops o f a
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—3s o lu t io n  o f sodium d i t h io n i t e  (O .lm o l dm ) .  The spectrum  o b ta in e d
13was a normal u n p e rtu rbe d  second o rd e r spectrum o f SMF. When th e  C 
NMR spectrum  o f ^ ^ C - la b e lle d  SNP (0 .02m ol dm and excess sodium 
d i t h io n i t e  (0 .2m ol dm was reco rded  a v e ry  broad b a s e lin e  was 
observed a f t e r  6000 scans in d ic a t in g  th e  presence o f  a param agnetic  
s p e c ie s , th e re  were no d iam agne tic  sp ec ies  p re s e n t. T h e re fo re , these  
c o n t ro l expe rim en ts  in d ic a te  th a t  i n  th e  absence o f deoxyhaem oglobin 
no [F e (^^C N )g ]^~  i s  form ed fro m  [Fe(^^C N )gN O ]^", and once th e  hexa- 
c y a n o fe r r a te ( I I )  i s  form ed i t  does n o t re a c t f u r t h e r  w ith  deo:)qy- 
haem oglob in .
13From these  C NMR stud l.es no 2 :1  complex o f  Hb:SNP, ana logous to  
H2ÛCb:SNP, was observed . T h is  seems reasonab le  i f  the  s t e r ic  i n t e r ­
a c t io n s  in v o lv e d  a re  cons ide red .
In  com paring th e  two in te r a c t io n s ,  SNP: haemogl o b in  and SNP: 
coba lam in  i t  i s  e v id e n t th a t  th e  m a jo r d if fe re n c e  between th e  two 
system s i s  th a t  o f l ig a n d  re o rg a n is a t io n  in  th e  SNP:haem oglobin system 
w ith  the  fo rm a tio n  o f h e x a c y a n o fe rra te ( I I ) . A lthough  [F e (C N )^ ]^  
b in d s  r e a d i ly  to  th e  c o b a l t ( I I I )  o f  coba lam in  (see C hapter 3) i t  shows
no evidence o f in te r a c t io n  w ith  th e  F e ( I I )  o f  haem oglob in . In  th e
13 13re a c t io n  o f SNP- “'C and deoxyhaem oglobin, as m o n ito re d  by C NMR
sp ec tro sco py , a p a r t  from  unbound [F e (^ ^ C N )^ ]^ "  and bound [F e (^^C N )^-
N0]^~ no o th e r ^ ^ C - la b e lle d  d ia m ag n e tic  sp e c ie s  was d e te c te d . In
p a r t ic u la r  n e ith e r  f r e e  (^^CN)”  no r H^^CN w ere d e te c te d  in  any o f th e
s p e c tra . T h is  l u  v i t r o  work re fu te s  th e  c la im s  made by p re v io u s
w o rk e rs ^ ^ ^ '^ ^ ^  to  have d e te c te d  re le a s e  o f f r e e  cyanide in  th e
re a c t io n  o f SNP and haem oglobin l a  v . i t r a .
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( 34 )I t  has been re p o r te d  by D eR ubertis  e i. a l  t h a t  to  a c t iv a te
g u a n y la te  cyc la se  by th e  a d d it io n  o f  n it ro p ru s s id e  bo th  a p r o te in -
bound haem and a re d u c in g  a ge n t, e .g .  d i t h i o t h r e i t o l ,  cys te in e , e tc ,
a re  re q u ire d  to  produce NO-haem oglobin. T h is  i s  c o n tra ry  to  p re v io u s
re p o r ts  (p . 1 06 ), D eR ube rtis  et. a l  re p o r te d  th a t  i f  deoxyhaem oglobin
and SNP a re  in c u b a te d  to g e th e r  o n ly  10% co n v e rs io n  o f deoxyhaem oglobin
(35)to  NO-haeraoglobin o c c u rre d . However, Antman â l  found  by
in fu s in g  N -a c e ty l-L -c y s te in e  w ith  a v a s o d ila to r ,  n i t r o g ly c e r in ,  th a t
th e re  was an in c re a s e d  a c t iv a t io n  o f g u a n y la te  cyc la se  I n  v iv o . W ith
13these  two independen t re p o r ts  in  m ind a C NMR spectrum  was recorded
o f SNP (5 .7  X 10"^m ol dm"^) and deoxyhaem oglobin (5 .7  x 10“ ^mol dm~^)
—3in  th e  presence o f  NAC (5 .7  x 10“  mol dm”  ) a t  pH 7 .6  to  de te rm ine  any 
change in  th e  d ia m a g n e tic  sp e c ie s  produced. T h is  re s u lte d  i n  e x a c t ly  
th e  same sp ec ies  as found  i n  th e  re a c t io n  o f SNP and deoxyhaemo­
g lo b in .
In  an a tte m p t to  f u r t h e r  ana lyse  th e  re a c t io n  o f SNP and deoxy­
haem oglobin in  th e  presence and absence of N -a c e ty l-L -c y s te ln e , a 
15s e r ie s  o f  N NMR s p e c tra  were run  to  m o n ito r the  n i t r o s y l  o f the  SNP 
in  th e  re a c t io n .  I n i t i a l l y ,  th e  spectrum  o f [Fe(CN)_NO]^“  (O .irao l 1
dm” ^ )  and NAC (0 ,1 mol dm” ^ )  gave o n ly  one ^^N resonance o f |
15 2— '-1 0 .1  ppm a t t r ib u te d  to  [Fe(C N )^ NO] ” , A l t e r n a t iv e ly ,  when th e  same I
spectrum  was ru n  u s in g  ^ ^ N - la b e lle d  SNP (5 .75  x 10” ^mol dm”  ) in  th e  J
presence o f NAC (5 .7 5  x 10” ^mol dm” ^ ) and i n  th e  presence o f th e  haem
m o ie ty  (5 .7 5  x 10” ^mol dm~^) a new '^^N resonance appeared a t  cf =
4 l3 .44ppm , in s te a d  o f  a t  c j = - lO .Ip p m . T h is  new resonance a ls o
15 2-*appeared in  th e  spectrum  o f  [Fe(CN)^ NO] ”  and haem m o ie ty  a t  the
F jg v re  A  SPR spectrum  (degassed) o f  m o n o n it r o ^ l  spec ies  
[Fe (C N )gN 0]3-, = 15 .2 , g = 2 .028
F ig u re  5 EPR spectrum  (non degassed) o f  [Fe(CN)^NOH]^” .D
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15same c o n c e n tra t io n s  a p re v io u s  "H s p e c tra . T h is  resonance i s  s t i l l  
c h a r a c te r is t ic  o f  a t r i v a le n t  n it ro g e n  bound to  oxygen, e .g .  NO bound 
to  th e  [F e (C N )^ ]^~  m o ie ty  o f  SNP. T h is  d ia m ag n e tic  sp e c ie s  i s  th e  1:1 
SNP:Hb com plex. T h e re fo re , th e re  i s  no need f o r  the  presence o f a 
re d u c in g  agent to  produce th e  d ia m a g n e tic  sp e c ie s  o f  th e  re a c t io n  o f 
SNP and deoxyhaem oglobin .
EPR S pectroscopy S tu d ie s
13 15From both  ' C and N NMR spec troscopy  th e  d ia m ag n e tic  sp e c ie s
produced have been s u c c e s s fu lly  id e n t i f ie d .  EPR spec troscopy  s tu d ie s
were undertaken  to  id e n t i f y  any param agnetic  complexes produced in
t h i s  re a c t io n .  The fo rm a tio n  o f  param agnetic  n it ro s y l-h a e m o g lo b in
from  n it ro p r u s s id e  and deoxyhaem oglobin i s  w e l l  e s t a b l i s h e d . I n
t h i s  s tudy  the  param agnetic  sp e c ie s  was id e n t i f ie d  by u v - v is ib le
sp e c tro sco p y , s in ce  EPR id e n t i f i c a t io n  in v o lv e s  s o l id  s ta te  s tu d ie s .
However, from  the  re a c t io n  o f  deoxyhaem oglobin  and CFe(CM)^NO] ^ an
a d d it io n a l p e r s is ta n t  param agnetic  m o n o n itro s y l com plex (see F ig u re  4)
has been obse rved . T h is  com plex i s  c h a ra c te r is e d  by g = 2 .028  and
A(^^N) = 1 5 .2 ; th e  same sp e c ie s  was a ls o  o b ta in e d  f r o a  the  re a c t io n  o f
(32)SNP and haem m o ie ty . Mulvey and W aters ' re p o r te d  th a t  the  same
2 „complex was form ed by th e  e le c tro c h e m ic a l re d u c t io n  o f [Fe(CN)^NO.] ” , 
o r by chem ica l re d u c t io n  u s in g  NaJBH^ j, Na^SgO^, o r  a s c o rb ic  a c id ,  and 
they id e n t i f ie d  th e  m o n o n itro s y l sp e c ie s  as [Fe(C N )^N O ]^~. U sing SPR 
spec troscopy  an id e n t ic a l  complex was observed w ith  deoxyhaem oglobin 
and haem (b o th  a t  pH 7 .2 ) ,  and L -c y s te in e ,  NAC and g lu ta th io n e  ( a l l  a t  
pH 7 ,6 ) ,  as w e l l  as w ith  Na^SgO^ as re d u c ta n ts  f o r  [ F e ( C N ) ^ N O i n  
degassed system s. In  non-degassed th e  spectrum  observed in  th e
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( 32)re a c t io n  o f Na^S^O^ and SNP was t h a t  c h a r a c te r is t ic  o f
3.»[Fe(CN)^NOH] (see F ig u re  5 ) formed by f u r t h e r  re d u c t io n  o f
[Fe(CN)^NO]^ to  [B 'e(CN)^(B2N0H)3^*" fo l lo w e d  by a e r ia l  o x id a tio n .
When [Fe(CN)^NO]‘^ “  was p a r t i a l l y  reduced by th is  y ie ld e d
s o lu t io n s  c o n ta in in g  bo th  [Fe(CN)^NO]'^”  (c h a ra c te r is e d  by EPR spec-
2“  13tro s c o p y ) ,  and unchanged [Fe(CN)^NO] "  th e  C NMR spectrum o f which
was unp e rtu rbe d  (see p , 1 1 0 ), These o b s e rv a tio n s  i l lu s t r a t e  the
13independence o f the C NMR s p e c tra  o f d ia m a g n e tic  c y a n o fe r ra te  
complexes from  th e  param agnetic  c o -s o lu te s .  On th e  s p e c tro s c o p ic  tim e  
s c a le  th e  e le c tro n  exchange between [Fe(C N )^N O ]^'” and [Fe(CN)^NO]^™ 
must be s low .
(37)P re v io us  w o rke rs  in  t h i s  departm ent , u s in g  u v - v is ib le  spec­
tro s c o p y  observed a lso  the fo rm a tio n  o f m ethaem oglobin ( F e ( I I I ) )  in  
th e  re a c t io n  between [Fe(CN)^NO]*“ ”  and deoxyhaem oglobin . T h is  obse r­
v a t io n  h e lp s  to  com plete  th e  o v e r a l l  c o n c lu s io n s  th a t can be made from
th is  re a c t io n .  F ig u re  6 i s  a scheme sum m arising the p ro d u c ts  from  the
2—in t e r a c t io n  o f  [Fe(CN)^NO] w ith  deoxyhaem oglobin, and a ccou n ts  f o r
13a l l  o f  th e  re a c t io n  p ro d u c ts  id e n t i f ie d  by EPR, C NMR, and uv-
v is ib le  sp e c tro sco p y . T h is  scheme a ls o  accommodates, by means o f a
lig a n d  r e d is t r ib u t io n  s te p  c o v e r t in g  th e  in te rm ed ia te  [F e (C N )^ ]^ ”'
( I I I )  in t o  th e  observed [F e (C N )^ ]^ ”  ( V) ,  th e  com plete  absence o f any
fre e  cyan ide  found  i n  the p re s e n t work u s in g  is o la te d  haem oglob in , or
w ith  w ho le  b l o o d . T h e  m e c h a n is tic  key to  th e  v e ry  ra p id  hypo-
2~te n s iv e  a c t i v i t y  o f  [Fe(CN)^NO] may be provided by the ready fo rm ­
a t io n  o f [Fe(CN)^NO ]^”  th ro u g h  th e  re d u c t io n  o f  [Fe(CN)^N03^“  by a 
wide range of m o le c u la r species present in  normal mammalian biochem­
i s t r y ,  demonstrated i n  th is  w o rk .
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2-[FetCNigNO] 4- deoxyhaemoglobin
















F.lgure_6 Scheme show ing th e  i n  v i t r o  re a c t io n  o f SNP and deoxy­
haem oglob in .
S ince bo th  ( I )  and ( I I )  a re  form ed u s in g  o n ly  deoxyhaem oglobin 
b u t n o t oxyhaem oglob in , t h i s  in d ic a te s  th a t  ( I )  i s  th e  p rim a ry  i n t e r ­
m ed ia te  in  the  fo rm a tio n  o f ( I I )  and p ro d u c tio n  o f NO-haemoglobin
( I V ) . T h is  co n v e rs io n  o f ( I )  to  (X I)  re q u ire s  an in n e r sphere 
e le c tro n  t r a n s fe r  a c ro ss  th e  Fe-C-N-B’e b r id g e . This study has suc­
c e s s fu l ly  observed th e  b r id g e d  in te rm ed ia tes  ( I )  and the two products, 
[Fe(CN)^N0]3™ ( I I )  and metHb, o f th e  deoxyhaemoglobin and n i t r o -  
p ru s s id e  redox re a c tio n . In  the redox re a c tio n  th e  "ir o r b i t a l  o f
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th e  NO in  [ F e ( I I )  (CN)^NO]^”' b e in g  th e  LUMO w i l l  re c e iv e  the  e le c tro n ,  
th e re fo re  re d u c in g  th e  n i t r o s y l  l ig a n d  from  NO'^  to  NO" w h ile  s t i l l  
m a in ta in in g  th e  i r o n  o f [Fe(CN)^N01^™ as F e ( I I ) .  S im i la r ly  when SNP 
re a c ts  w ith  t h io l s  [Fe (C N )^N 0]^ '” ( I I )  i s  fo rm ed . The t h i o l  (RS“ ) a c ts
as a /  p Q  -p -j O Q \n u c le o p h ile   ^ by a d d it io n  a t  th e  n i t r o s y l  l ig a n d  to
produce an in te rm e d ia te  co lo u re d  adduct [Fe (C N )^N (0 )S H ]^” , w h ich  then  
lo s e s  SR.
In  s p ite  o f th e  c o n s id e ra b le  amount o f work^^^™ ^^^ c a r r ie d  o u t on 
th e  mechanism o f g u a n y la te  cy c la s e  a c t iv a t io n  by SNP, and o th e r  
n i t r o s y l  c o n ta in in g  s p e c ie s , th e  a c t io n  s t i l l  rem ains unknown. In  th e  
pas t c o n c lu s io n s  were drawn fro m  s tu d ie s  w ith  crude p re p a ra t io n s  o f 
g u a n y la te  c y c la s e , o r w ith  in t a c t  c e l ls  w h ich  gave m is le a d in g  and i n ­
c o r re c t  r e s u l t s .  More re c e n t ly  s ig n i f ic a n t  p ro g re ss  has been made by 
g re a te r  p u r i f i c a t io n  o f  g u a n y la te  c y c l a s e . A s  a r e s u l t  th e  two 
sch oo ls  o f  th o u g h t d iscussed  p re v io u s ly  have a r is e n .  From t h is  
p re se n t s tudy o f the  re a c t io n  o f deoxyhaem oglobin and SNP, and th e
ready fo rm a tio n  o f  [Fe(CN)^N03 , th e  p re c u rs o r o f n itro s y l-h a e ra o
g lo b in  w h ich  i s  a p o te n t a c t iv a to r  o f p u r i f ie d  g u a n y la te  cyc lase^
i l l u s t r a t e s  a ready pa th  o f a c t iv a t io n  o f g u a n y la te  cyc la se  by SNP.
A lthough  t h is  chem ica l s tudy  has been c a r r ie d  o u t I n  v i t r o  w ith
is o la te d  haem oglob in  in  th e  case o f g u a n y la te  cyc la se  a c t iv a t io n ,  t h is
s tud y  may be o f g re a t b io lo g ic a l  s ig n if ic a n c e  s in ce  re c e n t w o rk ^ ^ ^ ' in
t h i s  departm ent has shown t h a t  SNP can r e a d i ly  t r a n s fe r  a c ro ss  th e  red
c e l l  membrane and hence in t e r a c t  w ith  haem og lob in . More im p o r ta n t ly
th e  haem m o ie ty  i s  th o u g h t to  be an in t e g r a l  p a r t  o f  the  s o lu b le
( 45 )bov ine  g u a n y la te  p ro te in  c y c la s e  u n i t  and i s  im p o rta n t i n  th e  
a c t iv a t io n  o f t h i s  enzyme.
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C H 3 V =  C H zC H g  
PzCHgCHgCOOH 
PGzCHgCHgCOOG
G = Glucuronic acid
Scheme 1
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5 .1  .m im m G ü m
B i l i r u b in  IXoc ( I I I ) ,  a te t r a p y r r o le ,  (Photograph 20) i s  found  a t  
l a -1 c o n c e n tra t io n s  o f 1 5 ^  M i n  normal a d u lt human serum. I t  o r ig in ­
ates  p r im a r i ly  from  the  c a ta b o lis m  o f the  haem m o ie ty  o f haemoglo-*
( 1 )b in  (P hotograph 1 9 ). Tlie n a tu re  o f the  re a c t io n  and mechanism of
haem d e g ra d a tio n  has re c e iv e d  c o n s id e ra b le  a t te n t io n  ove r the  
(2 -5 )ye a rs  from  both  a p h y s io lo g ic a l and chem ica l v ie w p o in t .  There i s
a s u b s ta n t ia l body of evidence  to  suggest haem c a ta b o lis m  occurs  by
e s s e n t ia l ly  the  same mechanism as haem d e g ra d a tio n  in  chem ica l model
system s. In  mammalian system s a l l  b i l i r u b in  produced I s  d e r iv e d  from
the  d e g ra d a tio n  of protohaem ( I )  (see Scheme 1) and the  in te rm e d ia te
t e t r a p y r r o l ic  p re c u rs o r o f b i l i r u b i n  i s  b i l i v e r d in  ( I I )  ; a b lu e  g reen
p igm en t. The enzyme re s p o n s ib le  f o r  t h i s  conversion i s  b il iv e r d in
red uc ta se  (EC 1 .3 .1 .2 4 ) .^ ^ ^  O the r enzymes in v o lv e d  in  th e  haem c a ta -
( 7 )h o lism  a re  m icrosom al haem d e o yc lis in g  oxygenase (EC 1 .1 4 .9 9 *3 ) and 
N'ADPH-cytochrom e a re d u c ta se  (EC 1 .6 .2 .5 ) .^ ^ ^  The s i te s  o f  haem 
breakdown and b i l i r u b in  p ro d u c t io n  are  p re d o m in a n tly  th e  sp leen  and 
l i v e r ,  and to  a le s s e r  e x te n t in  the b lood  stream .
ITie b i l i r u b in  IX  % a c id  form ed from  th e  breakdown of haemoglobin |
has rem arkab le  in t ra m o le c u la r  hydrogen b o n d i n g . A s  a r e s u l t  t h i s  I
y e llo w  pigm ent is  in s o lu b le  in  w a te r and has to  be transported  in  the
plasma bound to  p r o te in .  Serum a lbum in  i s  th e  m a jo r c a r r i e r |
b u t sm a ll amounts o f  b i l i r u b i n  have been id e n t i f ie d  w ith  other scrum !
p ro te in s  such as th e  X and Ô g lo b u lin s . Jacobsen  ^ found |'  IÎt h a t  b i l i r u b in  i s  bound to  human a lbum in  a t  a s in g le  h ig h  a f f in i t y  î
1s i t e  and o b ta in e d  evidence fo r  two weaker s i t e s  w ith  a f f in i t i e s  10 to  ïI
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100 f o ld  lo w e r. The h ig h  a f f i r d . t y  s i t e  i s  th o u g h t to  be a h yd rop h ob ic  
pocke t where b in d in g  ta k e s  p la ce  between th e  p rim a ry  amino group o f  
th e  p ro te in  and th e  c a rb o x y lic  group o f  the  b i l i r u b in .  In  p a r t i c u la r ,  
J a c o b s e n ^ r e p o r t s  ly s in e  re s id u e  240 o f human serum a lbum in  i s  
in v o lv e d  in  th e  h ig h  a f f i n i t y  b in d in g  o f b i l i r u b in .  F u rth e r a spe c ts  
o f  b i l i r u b in  b in d in g  a re  in v e s t ig a te d  in  Chapter 6 o f  t h is  p re se n t 
w ork .
( 17 )A lbum in t ra n s p o r ts  th e  b i l i r u b i n  to  th e  l i v e r  f o r  p ro ce ss in g  
and e x c re t io n ,  where e f f i c i e n t  e l im in a t io n  o f b i l i r u b in  i s  accom­
p lis h e d  by c o n ju g a tio n  w ith  p o la r  substances such as g lu c u ro n ic  a c id .  
T h is  enzym atic  e s t é r i f i c a t io n  p rocess i s  c a r r ie d  o u t by a m icrosom al 
enzyme, U D P -g lucurona te  (g lu c u ro n y l t ra n s fe ra s e  (EC 2 .4 .1 ,1 7 ) )  w ith  
u r id in e  d iphospha te  a c id  (ÜDPGA) as th e  g lu c u ro n y l d o n o r , ^ ^ T h e  
b i l i r u b in  e s te r  o f g lu c u ro n ic  a c id  e x is ts  in  th e  serum e x c lu s iv e ly  as 
d ig lu c u ro n id e .  A lthough  no m onog lucuron ide  has been found  in  serum 
th e re  i s  e v i d e n c e t o  s u p p o rt the  v iew  th a t  b i l i r u b in  i s  g lu o u r -  
o n id a te d  in  two s te p s , and th a t  m onog lucuron ide  i s  an in te rm e d ia te .
The b i l i r u b in  i s  now w a te r s o lu b le ,  non to x ic ,  and i s  e xc re te d  th rough  
th e  l i v e r  c e l ls  in  th e  b i le  c a p i l la r ie s .  F o llo w in g  e x c re t io n  th rou g h  
th e  b i le  in t o  th e  in te s t in e s  th e  g lu c u ro n id e  i s  c leaved  by b a c te r ia l  
a c t io n  and reduced f u r t h e r  b e fo re  e x c re t io n .
Up to  about 300mg o f  b i l i r u b in  per day i s  produced as a degra­
d a t io n  p ro d u c t o f haem th rou g h  th e  d e g ra d a tio n  o f m ature , aged e ry th ­
ro c y te s  in  th e  r e t ic u lo e n d o th e l ia l  system . Those s u f fe r in g  from  
c o n d it io n s  such as l i v e r  d is o rd e rs ,  p e rn ic io u s  anaemia and any d isease  
w hich causes haem oglob in  breakdown o r d is ru p ts  one or more o f the  
s te p s  between p ro d u c tio n  and e x c re t io n  o f b i l i r u b in ^ ^ '^ '" ^ ^ ^  deve lop
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h y p e rb iliru b in a e m ia  ; e le v a te d  b i l i r u b in  c o n c e n tra t io n s  in  serum.
(24)B e r th e lo t  et. a l. have d e a lt  w ith  in  some d e t a i l  th e  v a r io u s  causes
o f  h y p e rb il iru b in a e m ia ,  b u t a l o t  o f  a t te n t io n  has been g iv e n  to
re se a rch  in t o  th e  human neonates underdeve loped c a p a b i l i t y  o f  con-
(25)ju g a t io n  and e x c re t io n .  T h is  r e s u l t s  in  y e llo w  s ta in in g  o f the  
s k in , i . e .  ja u n d ic e , n o rm a lly  in c re a s in g  u n t i l  th e  4 th  o r 5 th  day o f 
l i f e .  When e x c re t io n  s t a r t s  th e  ja u n d ic e  su bs ide s . In  prem ature  
bab ies  h y p e rb il i ru b in a e m ia  can be more acu te  due to  de lay  in  deve lop ­
ment o f e x c re to ry  fu n c t io n s ,  o r when th e  in f a n t  re c e iv e s  a d rug  w h ich  
i s  bound to  a lb um in  and o ccu p ie s  th e  b in d in g  s i t e  o f b i l i r u b in .  Under 
c o n d it io n s  o f  excess f r e e  b i l i r u b i n  th e  m o lecu le  b in d s  to  th e  enzyme 
c a r ry in g  membrane in  th e  c e l l  and impedes c e l l  fu n c t io n s .  In  new born 
b ab ies  i r r e v e r s ib le  c e l l  damage can o ccu r, e s p e c ia l ly  la s t in g  b ra in  
damage ; k e rn ic te r u s ,  due to  th e  passage o f b i l i r u b in  th rough  the  
b lo o d -b ra in  b a r r ie r .
5 .2  THE PROBLEMS OF BILIRUBIN ESTIMATION lU HUMAN 
SERUM ALBUMIN
,.%.e_Jf.an_de n, ,Bergbu_Ie&L
In  re c e n t y e a rs  much new knowledge has been amassed on th e
s t ru c tu re  and ch e m is try  o f b i l i r u b in .  T h is  has been coupled w ith  a j
w ide range o f s p e c t r o s c o p ic /^ ^ \  c h r o m a t o g r a p h i c c h e m i c a l :
(29) !and enzym atic  " te c h n iq u e s  to  e s tim a te  b i l i r u b in  c o n c e n tra t io n s  in  j
ihuman serum. However, the  most commonly used c l i n i c a l  tech n iq ue  i s  a 1














R = H, unconjugated bilirubin 
R= Glucuronic a c id , conjugated bilirubin
Scheme 2
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t u r y .  E h r lic h ^ ^ ^ ^  d is c o v e re d  th a t  b i l i r u b in  re a c ts  w ith  p -d ia s o -
benzene s u lp h o n ic  a c id  in  th e  presence o f a lc o h o l to  fo rm  azopigm ant
w h ich  i s  b lue  in  both a c id ic  and a lk a l in e  pH, and re d  nea r n e u tra l
pH. These in te n s e  c o lo u rs  a re  due to  th e  p ro d u c tio n  o f oxydl".
pyrrom ethane azo compounds ( I )  and ( I I )  (see Scheme 2 ) .  The
re a c t io n  proceeds in  two s te p s , each g iv in g  r is e  to  equa l amounts o f
azo p igm ent, th e  c e n t ra l m ethylene b r id g e  be ing  re le a s e d  as fo rm a l-  
( 1 2 )dehyde in  th e  presence o f excess a rened iazon iim i io n .  Using t h i s
chem ica l te s t  E h r lic h ^ ^ ^ ^  could, s u c c e s s fu lly  d e te c t b i l i r u b in  in
(11 )u r in e .  More im p o r ta n t ly  in  1943 van den Bergh and Snapper “  a p p lie d  
t h i s  d ia zo  re a c t io n  to  serum, w h ich  i s  c l i n i c a l l y  more u se fu l.. B e fo re  
th e  serum te s t  co u ld  be c a r r ie d  o u t a l l  the  serum p ro te in  had to  be 
removed w h ich  was th o u g h t to  i n h i b i t  the  d ia zo  re a c t io n ,  the  a d d it io n  
o f  a lc o h o l caused th e  p ro te in s  to  p r e c ip i ta te  o u t.  The te s t  f o r  b i l i ­
ru b in  was c a r r ie d  ou t under m ild ly  a c id ic  c o n d it io n s  necessary f o r  d i -  
a z o t is a t io n  o f s u lp h o n i l ic  a c id  and gave r is e  to  th e  re d  azo p igm ent. 
L a te r  van den Bergh and M u lle r^ ^ ^ ^  observed two azo re a c t io n s  upon 
a d d it io n  o f h is  d ia z o  re a g e n t (0 .3 1  o f 0.5% sodium n i t r i t e  and 10ml o f 
a c id i f ie d  0.1% s u lp h o n i l ic  a c id )  to  serum. The f i r s t  was th e  " d i r e c t " 
re a c t io n  in  w h ich  the  c o lo u r  deve lops w i t h in  30 seconds in  th e  absence 
o f  a lc o h o l. The second re a c t io n ,  o r " i n d i r e c t "  re a c t io n ,  was observed 
when p ro te in  in  th e  serum was p r e c ip i ta te d  by e th a n o l.  The r e s u l t in g  
s u p e rn a ta n t was used and th e  c o lo u r the n  deve loped . T h e re fo re , by th e  
a d d it io n  o f a lc o h o l van den Bergh measured th e  t o t a l  b i l i r u b in  c o n te n t
o f  serum, i . e .  th e  sum o f th e  " d i r e c t "  and " i n d i r e c t " re a c t io n s ,
(•55)A f te r  many y e a rs  o f  re se a rch  s e v e ra l reasons have been p u t fo rw a rd  
to  e x p la in  the  d if fe re n c e  between " d i r e c t "  and " i n d i r e c t "  fo rm s o f 
b i l i r u b in  in  th e  van den Bergh t e s t ,  How i t  i s  g e n e ra lly  accepted 
th a t  th e  " d i r e c t "  re a c t io n  i s  due to  the  re a c t io n  o f co n jug a te d  b i l l -
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ru b in ,  i . e .  b i l i r u b i n  d ig lu c u ro n id e ,  w ith  re a ge n t a lo n g  w ith  a sm a ll 
q u a n t i ty  o f  u n e s te r i f ie d  b i l i r u b in .  In  th e  " i n d i r e c t "  re a c t io n  van 
den Bergh had s o lu b i l is e d  th e  uncon juga ted  b i l i r u b in  so th a t  i t  co u ld  
re a c t  w ith  d ia zo  re a g e n t. T h e re fo re , " i n d i r e c t "  c o n s is ts  s o le ly  o f 
u n e s te r i f ie d  b i l i r u b in .  T h is  method was a fo re ru n n e r  o f q u a n t i-
( 05 )t a t i v e  methods , some o f w h ich  a re  s t i l l  in  use to  t h i s  d a te . 
However, a l l  o f  these  te ch n iq u e s  s u f fe r  from  a m a jo r d isadvan tage  in  
th a t  some o f th e  b i l i r u b in  c o - p r e c ip i ta te s  w ith  the  p r o te in .  T h is  
le a d s  to  an u n d e re s tim a tio n  o f the  t o t a l  b i l i r u b in ,
M a llo y  and E v e ly n /^ ^ ^  in tro d u c e d  a te ch n iq u e  i n  w h ich  e th a n o l, o r 
m ethanol i s  used to  s o lu b i l is e  uncon juga ted  b i l i r u b in ,  b u t n o t p re ­
c ip i t a t e  p ro te in s .  The co n jug a te d  and uncon juga ted  b i l i r u b in  can be 
measured by e s t im a tio n  b e fo re  and a f t e r  the  l im i t e d  a lc o h o l a d d it io n .  
The m ajor drawback o f  the  many m o d if ic a t io n s  to  t h i s  method i s  th e  
f a c t  th a t  samples re q u ire  h ig h  d i lu t io n s  p r io r  to  assay . Thus l i t t l e  
c o lo u r  i s  developed f o r  norm al samples and th e re  a re  problem s o f
t u r b i d i t y . (37*38)
O ther m o d if ic a t io n s  o f  the  van den Bergh te s t  have been deve loped 
u s in g  "a c c e le ra to rs "  o r  "p ro m o te rs " a v o id in g  th e  need f o r  u s in g  a lc o ­
h o l ,  There a re  s e v e ra l substances w h ich  a c c e le ra te  th e  azo c o u p lin g
o f  u n e s te r i f ie d  b i l i r u b in  in  aqueous s o lu t io n ,  thèse  in c lu d e  c a f fe in e ,
(39)sodium benzoate , sodium a c e ta te , u rea , and m ix tu re s  o f  th e se . 
J e n d ra s s ik  and Grof^^^^^ used a c a ffe in e -s o d iu m  benzoate m ix tu re  to  
promote a z o b i l i r u b in  fo rm a tio n  re a d in g  th e  a z o b i l i r u b in  a t  a lk a l in e  
pH. T h is  method i s  used r o u t in e ly  to  measure t o t a l  b i l i r u b in  con­
c e n t ra t io n  in  th e  plasm a. I t  i s  c la im ed  th a t  these  "a c c e le ra to r "
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methods in c re a s e  both  the  ra te  o f  re a c t io n  and c o lo u r  i n t e n s i t y i n  
th e  " in d i r e c t "  b i l i r u b in .  I t  i s  suggested th a t  these  "a c c e le ra to rs "  
a l t e r  th e  b i l i r u b in - p r o t e in  complex i n  such a way th a t  makes th e  b i l i ­
ru b in  more open to  a t ta c k  by th e  a re nediazonium  io n .  In  th e  p re sen t 
s tudy C hapter 6 d e t a i ls  f lu o re s c e n c e  s tu d ie s  undertaken  to  e s tim a te  
th e  in te r fe re n c e  o f " a c c e le ra to rs "  w ith  the  b i l i r u b in - a lb u m in  
com plex.
In  summary th e  need to  q u a n t i fy  the  van den Bergh te s t  has le d  to  
th e  many m o d if ic a t io n s  developed to d a y . (38*40) ^  r e s u l t ,  th e re  a re
many p rocedu res , v a r io u s  co m b ina tio ns  o f a re nediazonium  s a l t s ,  pH 
re a d in g  tim e s , s o lv e n ts , and "p ro m o te rs " . They a l l  c la im  to  be quan­
t i t a t i v e ,  bu t no two g iv e  th e  same r e s u l t s  p a r t i c u la r ly  in  th e  
" d i r e c t "  b i l i r u b in  re a d in g s . Many fa c to r s  le a d  to  c o n f l i c t in g  
r e s u l t s ,  i . e .  th e  tim e  a llo w e d  f o r  c o lo u r developm ent i s  c r u c ia l .
The same d ia zo  method can y ie ld  v e ry  d i f f e r e n t  r e s u l t s  i f  th e  re a d in g s  
a re  no t take n  c o n s is te n t ly  a t  th e  same t im e ,(^ ^ ^  In  a d d it io n  haemo-
( i ip  4 3 )g lo b in  causes in te r fe re n c e  w ith  the  d ia zo  methods, r e s u l t in g  in
low  v a lu e s . These low  r e s u l t s  may be due to
( i )  oxyhaem oglob in  o x id is in g  b i l i r u b in ,
( i i )  in c re a se d  absorbance o f a sample b la n k  due to  haem oglob in ,
( i i i )  in c re a se d  d e s t ru c t io n  o f  th e  a z o b i l i r u b in  w ith  haem oglob in .
N e ve rth e le ss , th e  d ia zo  method s t i l l  p la y s  a m a jo r r o le  in  th e  
ro u t in e  c l i n i c a l  d e te rm in a t io n  o f  b i l i r u b in .  In  re c e n t y e a rs  the  
demand f o r  a ra p id  and co n ve n ie n t spo t te s t  f o r  b i l i r u b in  le a d  
Eastraan-Kodak to  deve lop  a d ia zo  based d ry  f i lm / ^ ^ *  f o r  the  de­
te rm in a t io n  o f t o t a l  b i l i r u b in  in  serum. In  C hapter 7 t h i s  i s  d is -
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cussed in  more d e t a i l ,  and th e  developm ent o f an optimum azo compound 
to  in c o rp o ra te  in t o  these  f i lm s  was u nde rtaken .
Al t e r n a t i v e  M e t h o d s  o f  E s t i m a t i n g  B i l i r u b i n  C o n t e n t  
i n  Human Serum
A pa rt from  chem ica l e s t im a tio n  o f b i l i r u b in ,  the  o th e r  most com­
monly used i s  th e  d i r e c t  s p e c tro p h o to ra e tr ic  m e t h o d . T h i s  depends 
upon d i lu t io n  o f the  sample w ith  b u f fe r ,  o r s a l in e ,  and re a d in g  th e  
b i l i r u b in  absorbance peak a t  460nm and a g a in  a t  522nm to  c o r re c t  f o r  
h a e m o lys is . T h is  method i s  u s e fu l f o r  p e d ia t r ic  oases w ith  hype r­
b i l i r u b in a e m ia  when n o n - b i l i r u b in  a b so rb in g  substances such as ca ro ­
tenes a re  d i lu te d  o u t to  in s ig n i f i c a n t  p ro p o r t io n s  when compared to  
b i l i r u b in .  T h is  method measures t o t a l  b i l i r u b in  and a llo w s  a t o t a l  
e s t im a tio n  to  be perform ed on sm a ll samples o f  b lo o d . T h is  te ch n iq u e  
tend  to  g iv e  s u p e r f ic ia l l y  h ig h  r e s u l t s  f o r  b i l i r u b i n  s in ce  i t  i s  an 
u n s p e c if ic  method f o r  m easuring  b i l i r u b in  c o n te n t.
( 27 )High Perform ance L iq u id  Chromatography can a ls o  e s tim a te  
c o n c e n tra t io n s  o f  b i l i r u b in  in  serum. By u s in g  io n - p a i r  re ve rse  phase 
HPLC, th e  con jug a te d  and uncon juga ted  b i l i r u b in  in  serum may be 
assayed w ith o u t  th e  need to  d e r iv a t is e ,  bu t the  a n a ly s is  i s  s t i l l  ve ry  
le n g th y .
There a re  two methods in  c u r re n t  use f o r  th e  measurement o f un­
bound b i l i r u b in ;  Sephadex G-25 c h r o m a t o g r a p h y a n d  enzym atic  d e te r ­
m in a tio n  w ith  p e r o x id a s e . S e p h a d e x  r e ta in s  unbound b i l i r u b in  on 
th e  column, whereas a lbum in  bound b i l i r u b in  i s  e lu te d .  The unbound
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b i l i r u b in  i s  d e te c te d  by a d ia z o  re a c t io n  in  s i t u ^ ^ ^ ^  o r e lu te d  and
q u a n t ita te d  by s p e c tro p h o to m e try . T h is  te ch n iq u e  o v e re s tim a te s  the
(51 )amount o f unbound b i l i r u b in .  Samples c o n ta in in g  con jug a te d  b i l i ­
ru b in  g iv e  fa ls e  p o s i t iv e  te s t  f o r  th e  presence o f unbound b i l i r u -  
(52)b in .  The column te c h n iq u e  in t e r fe r e s  w ith  the  e q u il ib r iu m  o f the  
a lbum in  bound and unbound b i l i r u b in .
H o rse ra d ish  p e rox idase  c a ta ly s e s  b i l i r u b in  o x id a t io n  w ith  hyd ro ­
gen p e ro x id e . The p e rox idase  w i l l  re a c t w ith  th e  unbound b i l i r u b in  
(29)o n ly .  '  The b i l i r u b in  p e rox id e  re a c t io n  can be a c c e le ra te d  by 
(53 )d ru g s . T h is  te ch n iq u e  tends  to  g iv e  low  c o n c e n tra t io n s  o f unbound 
b i l i r u b i n . A n o t h e r  enzym atic  te ch n iq u e  employs b i l i r u b in  o x id a se .
T h is  enzyme o x id is e s  b i l i r u b in  to  b i l i v e r d in ,  th e re fo re  d ec rea s in g  
b i l i r u b in s  s p e c i f ic  absorbance a t  440-460nm. The b i l i v e r d in  i s  a ls o  
o x id is e d , b u t a t  a much s low er r a te  o f 2%. The ox idase  w i l l  on ly  
re a c t w ith  co n jug a te d  b i l i r u b in ,  b u t w i l l  a ls o  re a c t w ith  unco n jug a te d  j
b i l i r u b in  i f  s o lu b i l is e d  w ith  s a ly o y l ic  a c id  o r sodium c h o la te .  The 
method i s  n o t v e ry  s e n s i t iv e  and re q u ire s  a 30 m inu te  in c u b a t io n  tim e  
to  co n ve rt b i l i r u b in  to  b i l i v e r d in ,  w h ich  i s  n o t c o n v e n ie n t,
(55)m ethod,
As a consequence o f the  drawbacks o f these  a l t e r n a t iv e  methods o f j
b i l i r u b in  assay, th e  d ia zo  method i s  s t i l l  more commonly used. I t  :
s t i l l  g iv e s  th e  le a s t  in a c c u ra te  r e s u l t s  and i n  com parison to  some i s  i
I
a much more ra p id  means o f  b i l i r u b in  d e te rm in a t io n . However, as |
1p re v io u s ly  d iscu ssed , th e re  i s  much room f o r  im provem ent in  th e  d ia zo  !
j J
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FLUORESCENCE AND SOLID STATE STUDIES OF 
BILIRUBIN TO ALBUMIN BINDING
Abbreviations
HSA = Human Serum A lbum in
BSA = Bovine Serum Album in
SDS = Sodium Dodecyl S u lpha te
CPMAS = Cross P o la r is a t io n  Magic Angle S p in n in g
TOSS = T o ta l S ide band S uppress ion
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The unoon juga ted  b i l i r u b in  IXoc -z ,  z formed from  the  breakdown o f
haem oglob in^^^ shows e x tre m e ly  low s o lu b i l i t y  in  w ater; i t  i s
“ 9 —3 (2 )c a lc u la te d  to  be in  th e  o rd e r o f 10“  mol dm”  . T h is  e x tre m e ly  low 
s o lu b i l i t y  i s  a t t r ib u te d  to  th e  e x te n s iv e  in t ra m o le c u la r  hydrogen 
bonding, o f  b i l i r u b in  (see Figure 1 ) .
CH
CH CH
F ig u re  1 In tra m o le c u la r  hydrogen bond ing  o f B il i r u b in .
At pH 7 .2  th e  hydrogen bonding i s  so e x te n s iv e  th a t  a l l  the  
bond ing m o ie t ie s  o f  th e  m o lecu le  a re  s a tu ra te d , le a v in g  th e  h yd ro - 
phob ic  groups a t  th e  outer aspect o f th e  m olecule. As a re s u lt  o f i t s  
aqueous in s o lu b i l i t y ,  near p h y s io lo g ic a l pH, non con jug a te d  b i l i r u b in  
a c id  tends to  fo rm  a g g r e g a t e s . A t  pH 7 .4 -8 .0  B rodersen^^^ has 
observed c o l lo id  b eh a v io u r o f b i l i r u b in  a c id .  The n e u ro to x ic ity  o f 
b i l i r u b in  ( k e rn ite ru s )  can th e re fo re  be adequa te ly  e x p la in e d  by t h i s  
behaviour. The in t ra m o le c u la r  hydrogen bonding re n d e rs  the  m o lecu le  
in s o lu b le  i n  the plasma. Ihe  l i p o p h i l i c  m o ie t ie s  become exposed and 
agg rega tes o f the  b i l i r u b in  d ia n io n s  fo rm  in  the  p h o s p h o lip id  mem-
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bra iie s  o f the  c e l ls  d is r u p t in g  th e  membranes s t ru c tu re  and ham pering 
th e  a c t i v i t y  o f the  a tta c h e d  enzymes» In  normal c o n d it io n s  t h i s  
l i p o p h i l i c  behaviour le a d in g  to  n e u r o to x ic i t y  i s  never observed s ince  
a l l  the  b i l i r u b in  d ia n io n s  c i r c u la te  i n  the  b lood  t i g h t l y  bound to  
serum album in»
In  s p ite  o f the  f a c t  th a t  serum a lbum in  has been one of th e  most 
th o ro u g h ly  s tu d ie d  p ro te in s ,  i t s  th re e  d im e ns ion a l s t r u c tu re  has n o t 












F igu re . 2 Secondary s t r u c tu r e  o f B ovine Serum Album in , adapted from  
th e  model o f Brown. ( 5 , 6 )
w ith  some 580 amino a c id  residues (see Appendix 2 fo r  f u l l  l i s t in g )
J
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( 7 )The ch a in  i s  fo ld e d  in  a unique p a t te rn  o f doub le  lo o p s .
Recent m odels o f  a lbum in  m o le cu le s  (F ig u re  2) i l l u s t r a t e  th e  
p ro te in s  secondary s t ru c tu re  as h a v in g  th re e  s o -c a lle d  dom ains; a n io n  
b in d in g  s i t e s  and s ix  subdomains. Each subdomain c o n ta in s  th re e  
p a r a l le l  CC h e l ic e s ,  x ,y ,  and z , each hav ing  a p p ro x im a te ly  22 amino 
a c id  re s id u e s . T h is  model can e x p la in  many o f th e  b in d in g  cha rac­
t e r i s t i c s .  As d iscussed  p re v io u s ly  (C hap te r 4, p. 104) a lbum in  i s  a 
u n iv e rs a l p ro te in  c a r r ie r ,  b in d in g  in o rg a n ic  io n s , o rg a n ic  a n io n s , and 
uncharged s p e c ie s . In  1929 Bennhold^^^ was the  f i r s t  to  emphasize the  
b io lo g ic a l  im portance  o f uncon juga ted  b in d in g  to  a l b u m i n i n  
u nd e rs ta n d in g  b i l i r u b in  t ra n s p o r t  and t o x i c i t y .
The secondary b in d in g  s i t e  o f th e  b i l i r u b in  diand.on i s  between th e  
h a l f  domains 3A-B.
J a c o b s e n ^ f o u n d  th a t  b i l i r u b in  i s  bound to  a lbum in  a t  a s in g le
h ig h  a f f i n i t y  s i t e  and o b ta in e d  ev idence  o f two weaker s i t e s  w ith
f 11 )a f f i n i t i e s  10 to  100 f o ld  lo w e r. B ro d e rs e n 's  s to ic h io m e tr ic  
s tu d ie s  have found  th a t  th re e  b i l i r u b in  d ia n io n s  a re  in te r n a l is e d  
w i t h in  a m o lecu le  o f human serum a lbum in  (HSA). Techniques o f 
a f f i n i t y  l a b e l l i n g ^ c h e m i c a l  m o d if ic a t io n ,  and c leavage o f 
p ro te in s  by enzym atic  h y d r o l y s i s ^ a l l  in d ic a te  th a t  f o r  bo th  
bovine  and huraan serum a lbum in  re g io n  2 A-B and a sm a ll p o r t io n  o f 
subdomain 10 (see F ig u re  2) i s  th e  h ig h  a f f i n i t y  b in d in g  s i t e  f o r  
b i l i r u b in .  T h is  has th e  b es t c o m p o s itio n  f o r  b i l i r u b in  b in d in g , î
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The ac tua l- b in d in g  o f  the  b i l i r u b in  d ia n io n  i s  f a s t ,  r e v e r s ib le ,  
and a c c o rd in g ly  proceeds to  an e q u i l ib r iu m .  J a c o b s e n ^ f o u n d  
th a t  th e  b in d in g  ta ke s  p la ce  th rough  s e v e ra l s te p s ; a. ve ry  f a s t  com­
b in a t io n  o f the  two m o le cu les  fo l lo w e d  by fo u r  co n se cu tive  c o n fo r­
m a tio n a l changes o f  the  b i l i r u b in :a lb u m in  com plex. T h is  may in d ic a te  
th a t  th e  b i l i r u b in  m o le cu le  c o n ta c ts  th e  a lbum in  in  one spo t where 
upon th e  p ro te in  i s  m ode lled  a round th e  b i l i r u b in  m o le c u le . The 
b in d in g  a f f i n i t y  i s  h ig h  and th e  e q u il ib r iu m  i s  independent o f pH 
between 7 and 9 f o r  HSA. The p rim a ry  b in d in g  c o n s ta n t o f b i l i r u b in  to  
HSA i s  5 .9  X 10 ^dm^ mol D e ta i ls  o f  b in d in g  o f  b i l i r u b in  to
HSA a t  a m o le c u la r le v e l  a re  unknown, bu t therm odynam ic c a lc u la t io n s  
c a r r ie d  o u t by J a c o b s e n ^ s u g g e s t e d  th a t  th e  b in d in g  a t  th e  p rim a ry  
s i t e s  i s  d r iv e n  by a s tro n g  e n th a lp y  fo r c e .  Kuenzle^^^^ proposed a 
s t ru c tu re  f o r  b i l i r u b in  b in d in g  to  a lbum in  in v o lv in g  hydrogen bond­
in g .  T h is  however im p lie s  th a t  b i l i r u b in  a c id  i s  bound and n o t th e  
d ia n io n .
In  th e  h ig h  a f f i n i t y  b in d in g  s i t e  ( re s id u e s  180-250) o f  b i l i r u b in  
i n  human serum a lbum in  i s  a try p to p h a n  amino a c id  re s id u e  (2 1 4 ).
T h is  s in g le  try p to p h a n  re s id u e  i n  human a lbum in  i s  a chromophore w h ich  
e x h ib i t s  an i n t r i n s i c  f l u o r e s c e n c e . T h i s  flu o re s c e n c e  can be u t i l ­
is e d  as a probe to  s tudy th e  b in d in g  o f b i l i r u b in , d ia n io n s .  Bovine 
serum a lbum in  (BSA) has two try p to p h a n  re s id u e s , bo th  in  th e  h ig h  
a f f i n i t y  s i t e  f o r  b i l i r u b in .  T h e re fo re , BSA was employed i n  t h i s  
p re s e n t study to  in v e s t ig a te  b i l i r u b in  b in d in g  by th e  tech n iq u e  o f 
f lu o re s c e n c e  sp e c tro sco p y . In  a d d it io n  b i l i r u b in  e x h ib i t s  an e x t r in ­
s ic  f lu o re s c e n c e . Free in  s o lu t io n  a t  pH 7 .2  b i l i r u b in  e x h ib i t s
-  137 -
n e g l ig ib le  f lu o re s c e n c e , however as i t  in te r a c ts  w ith  a lbum in  i t s  
f lu o re s c e n c e  in c re a s e s . T h is  p ro p e rty  o f e x t r in s ic  f lu o re s c e n c e  
coup led  w ith  try p to p h a n  flu o re s c e n c e  was employed i n i t i a l l y  to  
e s ta b l is h  the  b in d in g  c a p a c ity  and a f f i n i t y  o f a lbum in  f o r  b i l i r u b in  
under s p e c i f ic  in . v i t r o  c o n d it io n s .
In  th e  d ia zo  method o f  J e n d ra s s ik  and G ro f ” (as  d iscussed  in  
Chapter 5 , p. 125) " a c c e le ra to r s "  a re  employed to  promote th e  azo 
c o u p lin g  o f  u n e s te r i f ie d  b i l i r u b in  o f the  " in d i r e c t "  r e a c t io n .  How 
these "a c c e le ra to rs "  w ork rem a ins a m ys te ry , s in ce  they  appear to  have 
l i t t l e  in  common c h e m ic a lly .  I t  i s  suggested th a t  they a l t e r  th e  4
ib i l i r u b in : p r o t e in  complex i n  such a way as to  make th e  b i l i r u b in  more :j
;open to  a t ta c k  by th e  a rened iazon ium  io n .  The p re se n t s tudy employed |I
th e  f lu o re s c e n c e  quench ing  te c h n iq u e  to  m o n ito r th e  e f fe c ts  o f these 1
i"a c c e le ra to rs "  and m ix tu re s  o f them on th e  b i l i r u b i i r .a lb u m in  com plex, 1i
I( 22 ) IM a rr-L e is y  et. a l  ' u s in g  th e  tech n iq ue  o f Induced C ir c u la r  iID ich ro ism  have re c e n t ly  re p o r te d  th a t  a t  pH 11.4 b i l i r u b in  b in ds  to  :j
■1
th e  oc h e l ic a l  c o n fo rm a tio n  o f p o ly - L - ly s in e .  T h is  b in d in g  seems a i
]v e ry  a p p ro p r ia te  to p ic  to  s tudy u s in g  th e  tech n iq ue  o f f lu o re s c e n c e  to  
measure any enhancement o f b i l i r u b in  em iss io n  f lu o re s c e n c e  due to  ^
a d d it io n  o f p o ly -L ~ ly s in e  and p o ly -L ~ a sp a ra g in e  a t  pH 11.4 and pH 7 .4  i
re s p e c t iv e ly .  These two p o ly  amino a c id  ch a in s  a re  o f p a r t ic u la r
,1
in t e r e s t  in  e lu c id a t in g  th e  in t e r a c t io n  o f b i l i r u b i n  w ith  a lb um in , |
..TL ys in e  amino a c id  re s id u e  240 in  HSA and th e  co rre sp o n d in g  ly s in e
(re s id u e  238) in  BSA i s  in v o lv e d  in  th e  h ig h  a f f i n i t y  b in d in g  o f 
( 12)b i l i r u b in .  A lthough  the  amino a c id  aspa rag ine  i s  no t in v o lv e d  in  
th e  h ig h  a f f i n i t y  b in d in g  o f  b i l i r u b in  to  a lb um in , the  s id e  ch a in  i s
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p o la r  and a b le  to  p a r t ic ip a te  in  hydrogen bond ing . In  th e  b i l i ­
ru b in :  album in  complex hydrogen bond ing  i s  th o u g h t to  p lay  a m a jo r 
r o le ,  th e re fo re  s tu d y in g  any in te r a c t io n  w i l l  be in fo r m a t iv e .  D e ta i ls  
o f  such a s tudy a re  p resen ted  in  t h i s  work..
13The second s e c t io n  o f t h i s  c h a p te r d e ta i ls  the  use o f "C s o l id  
s ta te  NMR sp ec tro sco p y , i n i t i a l l y  to  s tudy b i l i r u b in  l X * - z , z ,  and a 
d ip y rry lm e th a n e  in  th e  s o l id  s ta te  and compare these w ith  s o lu t io n  
s ta te  NMR. Then an a tte m p t was made to  s tudy  the  h ig h  a f f i n i t y  
b in d in g  s i t e  o f b i l i r u b in  to  bovine  a lbum in  by s o l id  s ta te  NMR. 
Id e n t ic a l  s tu d ie s  were c a r r ie d  o u t u s in g  s o lu t io n  s ta te  NMR b u t th e re  
were problem s o f s o lu b i l i t y  and hence a re  n o t re p o r te d  i n  t h i s  w o rk .
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6 ,2  EXPERIMENTAL
6 .2 .1  FLUORESCENCE STUDIES 
M a te r ia ls  and Methods
Bovine serum a lbum in  ( f a t t y  a c id  and g lo b u l in  f r e e ) ,  b i l i r u b in  
IXO c~z,z, c a f fe in e ,  u rea , d y p h y l l in e ,  sodium dodecy l s u lp h a te , 
p o ly ~ L ~ ly s in e , and p o ly -L -a s p a ra g in e  were a l l  purchased from  Sigma 
UK. Sodium benzoate and sodium a c e ta te  were purchased from  BDH and 
were o f AnalaR g rade .
B i l i r u b in  was p u r i f ie d  by c r y s t a l l i s a t io n  from  a c h lo ro fo rm -
( 23 )m ethanol m ix tu re  a c c o rd in g  to  th e  p rocedure  o f O stra^ e t  .aj„.
P u r ity  was con firm e d  by t h in  la y e r  chrom atography. A l l  o th e r 
chem ica ls  were used as re c e iv e d . Two b u ffe re d  s o lv e n t systems were 
used th ro u g h o u t th e  f lu o re s c e n c e  s tu d ie s ;  is o to n ic  b u f fe r  pH 7 ,2  (as 
p repared  in  Chapter 2 , p. 1 8 ), and phosphate b u f fe r  pH 1 1 .4 .
In s tru m e n ts
A P e rk in -E lm e r HPF-44A s p e c t ro f lu o r ira e te r  was employed, w h ich  was 
l in k e d  to  a NASCOM m ic roco m p u te r. The s p e c tra  were d is p la y e d  on an 
o s c il lo s c o p e  and th e  s p e c tra l d a ta  then  t ra n s fe r re d  to  a VAX 11/780 
m ainfram e com puter by the  m icrocom pu te r and p lo t te d .
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F luorescence  S pec tra
A l l  s p e c tra  were re co rd ed  a t  am bient t- ‘>mperature (20-25 *^ C) a f t e r  
t y p ic a l ly  a ccu m u la tin g  15 scans. For bov ine  serum a lbum in  e m iss ion  
f lu o re s c e n c e  s o lu t io n s  were a c t iv a te d  by an e x c i t a t io n  w ave leng th  o f 
290nra and em iss ion  s p e c tra  reco rded  between 300 and 450nm« The em is­
s io n  maxima f o r  the  try p to p h a n  re s id u e s  was a t  350nm. For b i l i r u b in  
e m iss io n  flu o re s c e n c e  s o lu t io n s  w ere a c t iv a te d  a t  438nm, and e m iss ion  
s p e c tra  reco rded  between 460 and 640nm. The e m iss ion  maxima f o r  
b i l i r u b in  was re co rd ed  a t  533nm.
S o lu t io n s  f o r  F luo rescence  S tu d ie s
S tock S o lu t io n s  ( i )  B i l i r u b in  -  these were p repared  i n  O .im o l dm""^
NaOH to  ensure com plete  s o lu b i l i t y ,  g e n e ra lly  o f  c o n c e n tra t io n  1.6
X 10 ^mol dm These s o lu t io n s  w ere ke p t r e f r ig e r a te d  and in  the
d a rk  u n t i l  used to  p re ve n t b i l i r u b in  p h o to d e g ra d a tio n , t h i s  was
m o n ito red  by v is ib le  spec troscopy  ( b i l i r u b in  \  440nm). The
s o lu t io n s  were g e n e ra lly  used w i t h in  s ix  hou rs  o f  p re p a ra t io n .
( i i )  Bovine serum a lbum in  -  these  were prepared  in  is o to n ic  b u f fe r  pH
7 .2  and ke p t coo l and p ro te c te d  from  l i g h t .  A t y p ic a l  c o n c e n tra t io n
o f a lbum in  s to c k  s o lu t io n  was 1,5 x 10 mol dm ' .  '
S o lu t io n s  f o r  F luo rescence  Quenching T i t r a t io n s ; The t i t r a t i o n
c o n s is ts  o f add ing  a l iq u o ts  o f quencher, b i l i r u b in  oi> o th e r s u b s tra te ,
-5  -3to  bov ine  a lbum in  s o lu t io n  (1 .5  x 10 mol dm ) pH 7 ,2 , and m easuring  
th e  decrease in  a lbum in  f lu o re s c e n c e  a f t e r  each a d d it io n .  Concen­
t r a t io n s  o f quencher added v a r ie d  depending on th e  exac t s to ic h io -
-  141
m e tr ic s  re q u ire d .  In  th e  case o f b i l i r u b in  e m iss io n  f lu o re s c e n c e  
quenching t i t r a t i o n s ,  i n i t i a l  s o lu t io n s  co n ta in e d  a mole r a t io  o f O.73 
b i l i r u b in  to  a lbum in  to  ensure  com plete b in d in g  to  w h ich  a l iq u o ts  o f 
b i l i r u b in  o r "a c c e le ra to rs "  were added and th e  decrease o r in c re a s e  in  
th e  b i l i r u b in  e m iss io n  f lu o re s c e n c e  was reco rded  a f t e r  each a l. iq n o t 
a d d it io n .  When m easuring  th e  e f fe c t  o f p o ly - L - ly s in e  and p o ly~ L - 
asparag ine  on b i l i r u b in  e m iss io n  f lu o re s c e n c e , a l iq u o ts  o f the  p o ly -  
amino a c id  were added to  a phosphate b u f fe r  s o lu t io n  (pH 11,4 and pH 
7 .2 ) o f  b i l i r u b in  (1 .0 5  x 10"^mol dm*"^) and th e  flu o re s c e n c e  measured 
a f t e r  each a d d it io n .  In  a l l  f lu o re s c e n c e  quench ing  t i t r a t i o n s  v e ry  
sm a ll a l iq u o ts  w ere used to  p re ve n t d i lu t io n  e f f e c t s  on th e  
f lu o re s c e n c e s .
6 .2 .2  SOLID STATE NMR SPECTROSCOPY 
1 qA l l  s o l id  s ta te  C NMR s p e c tra  were reco rded  on a V a r ia n  VXR- 
300MHz sp e c tro m e te r w ith  s o l id  s ta te  a ttachm ent and an O xfo rd  w ide 
bore  magnet a t  th e  S .E .R .C . S o lid  S ta te  NMR S e rv ic e  a t  th e  U n iv e rs ity  
o f  Durham. The carbon s p e c tra  were reco rded  a t  75.43MHz, A l l  
chem ica l s h i f t s  were re fe re n c e d  to  e x te rn a l TMS, The s p e c tra  were 
re co rd ed  a t  25°C and o b ta in e d  w ith  a h ig h  power p ro to n  d e c o u p le r.
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S.Qli .d .. S ta  t  e  ^^  C .H MR o f 3 , 3 ' , 4  ._4_LrTet ran  e th y l -  
5 .5  * -d iG a rb o x v -2 .2 " -d ip v rrv lm e th a n e
T h is  was p repared  by th e  method o f  F is c h e r and W a lach .^^^^ The
13 od ip y r r o le  s o l id  s ta te  C NMR was reco rded  a t  25 C u s in g  th e  CPMAS
mode w ith  150 t r a n s ie n ts  and a de lay  o f 500s between pu lse  w id th s  o f
8 .0  s. The s p e c tra l w id th  was 20000Hz, To remove s p in n in g  s id e
13bands th e  C d ip y r r o le  spectrum  was the n  ru n  in  bo th  CPMAS and TOSS 
modes w ith  300 t r a n s ie n ts  and a de lay  o f 5 .0 s  w ith  a pu lse  w id th  o f
8 .0  w s.i J A .
S o lid  S ta te  NMR o f B i l i r u b in
The sample o f b i l i r u b in  was p u r i f ie d  by the  method d iscussed
13p re v io u s ly  (p . 1 39 ). The C NMR spectrum  was re co rd ed  u s in g  CPMAS 
and TOSS modes w ith  128 t r a n s ie n ts  and a de lay  o f 5 ,0 s  w ith  a pu lse  
w id th  o f B.Oyits. The s p e c tra l w id th  was 30030Hz.
S o lid  S ta te  NMR o f B ovine Serum A lbum in
F a tty  a c id  and g lo b u l in  f r e e  bov ine  serum a lbum in  was shewn by 
13TLC to  be pu re . The C NMR spectrum  was reco rded  u s in g  th e  CPMAS 
mode w ith  enhanced r e s o lu t io n .  The s p e c tra l w id th  was 20000Hz w ith  
4969 t r a n s ie n ts  and a pu lse  de lay  o f 10s w ith  a pu lse  w id th  o f
6 . 0  yU-S,
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13
The sample was p repared  by add ing  b i l i r u b in  (1 .35  x 10 m ol) to
an is o to n ic  b u f fe r  s o lu t io n  pH 7 .2  (10m l) w h ich  co n ta in e d  bov ine  serum
a lbum in  (3 .6 2  x 10” ^ m o l) . The r e s u l t in g  s o lu t io n  was in c u b a te d  f o r
one hour a t  37°C w h ile  s t i r r i n g  and p ro te c te d  from  l i g h t .  The sample
13was the n  fre e z e  d r ie d  to  remove the  s o lv e n t.  The s o l id  s ta te  ' C NMR 
spectrum  o f th e  r e s u l t in g  sample ( 0 .38  mole r a t i o  o f b i l i r u b in  to  
a lb um in ) was re co rd ed  u s in g  th e  CPMAS mode w ith  enhanced r e s o lu t io n  
a f t e r  668 t r a n s ie n ts ,  w ith  a p u lse  de lay  o f 10s w ith  a pu lse  w id th  o f
6 .0  jus.
6 .2 .3  SOLUTION STATE NMR SPECTROSCOPY
13The C s o lu t io n  NMR spectrum  o f 3 ,3 * , 4 ,4 ’ - te t r a m e th y l- 5 ,5 ’ - d i -  
c a rb o x y -2 , 2 ’ -d ip y rry lm e th a n e  in  DMSO-d^ was reco rded  a t  25^0 on a 
V a r ia n  CFT-20 sp e c tro m e te r. The carbon resonance was a t  20MHz w ith  a 
s p e c tra l w id th  o f 6024Hz, w ith  82900 t r a n s ie n ts  a pu lse  w id th  o f 7y ^ s  
and a pu lse  de lay  o f Os. A l l  chem ica l s h i f t s  a re  quo ted  r e la t i v e  to  
TMS.
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6 .3  RESULTS AND DISCUSSION
6 .3 .1  STUDY OF THE INTERACTION OF B IL IR UBIN AND BOVINE SERUM 
ALBUMIN BY FLUORESCENCE SPECTROSCOPY
C a lo u la t in g  th e  Quenching Rate C onstant
In  the  h ig h  a f f i n i t y  b in d in g  s i t e  o f b i l i r u b in  in  bovine  serum 
a lbum in  th e re  a re  two try p to p h a n  re s id u e s . These re s id u e s  a re  
chromophores, when they  absorb l i g h t  o f  w ave leng th  290nm an e x c ite d  
s ta te  i s  form ed and th e  m ain pathway f o r  d is s ip a t io n  o f  the  absorbed 
energy is  f lu o re s c e n c e . As a r e s u l t  the  p ro te in  e x h ib i t s  an i n t r i n s i c  
f lu o re s c e n c e  maximum a t 350nm. The f lu o re s c e n c e  spectrum  (F ig u re  3)
A3 2200 ffi
3  1 8 0 0  m3
CO
2 8 0 3 0 0 3 2 0 3 4 0 3 6 0 3 8 0 4 0 0
Wave l e n g t h  (p.m.)
Flgure__3. The f lu o re s c e n c e  em iss io n  spectrum  o f bovine  serum a lbum in  
a c t iv a te d  a t  290nm, in  is o to n ic  b u f fe r  pH 7 .2 .
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i s  the  sum o f the  two e m it t in g  t r y p to p h y l re s id u e s  and any energy 
t r a n s fe r  between them.
The Uio try p to p h a n  re s id u e s  a re  in d iv id u a l ly  c h a ra c te r is e d  by a 
p a r t ic u la r  s e t o f  p h ys io -c h e m ic a l c o n d it io n s  th a t  in f lu e n c e  the  
chromophore f lu o re s c e n c e . When a m o lecu le  o f b i l i r u b in  b inds to  th e  
h ig h  a f f i n i t y  s i t e ,  th e  m ic roe n v iro n m e n t o f the  t r y p to p h y l re s id u e s  i s  
p e rtu rb e d , w hich le a d s  to  a decrease in  f lu o re s c e n c e ; i . e .  f lu o r e s ­
cence quench ing . The b i l i r u b in  i s  a c t in g  as a quencher m o lecu le , 
w h ich  i s  capab le  o f a b so rb in g  energy, caus ing  a decrease in  th e  number 
o f e x c ite d  s ta te s  o f  th e  try p to p h a n , hence re d u c in g  th e  in t e n s i t y  o f 
th e  f lu o re s c e n c e . There i s  a p h y s ic a l r e la t io n s h ip  between th e  
I n te n s i t y  o f em iss ion  and th e  c o n c e n tra t io n  o f th e  quencher in  
s o lu t io n  known as th e  S te rn -V o lm e r e q u a tio n  :
where - e m iss ion  in t e n s i t y  w ith o u t quencher
s e m iss ion  in t e n s i t y  w ith  a c o n c e n tra t io n  [Q ] o f  quencher 
K quenching r a te  co n s ta n t 
^  = l i f e t im e  o f th e  e x c ite d  s ta te
A p lo t  o f I  / I ^  a g a in s t quencher c o n c e n tra t io n  w i l l  have a 
s lope  o f » and s in c e  i s  c o n s ta n t, th e  s lope  i s  p ro p o r t io n a l to  
th e  quench ing  ra te  c o n s ta n t. T h is  p rocedure  was c a r r ie d  o u t and gave 
a quenching ra te  co n s ta n t o f 0 .758  f o r  th e  quench ing  e f fe c t  o f 
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A lthough  th e  S te rn -V o lm e r e q u a tio n  can be h e lp fu l  in  c a lc u la t in g  
th e  quench ing  ra te  co n s ta n t and a l in e a r  r e la t io n s h ip  between quencher 
c o n c e n tra t io n  and r e la t iv e  f lu o re s c e n c e , the  r e s u l t s  from  these  quen­
ch in g  t i t r a t i o n s  can be b e t te r  m a n ipu la ted  to  de te rm ine  b in d in g  a f f i n ­
i t y  and c a p a c ity  by em ploy ing  a S ca tcha rd  p lo t .^ ^ ^ ^  The f u l l  p rocedure  
f o r  t h i s  i s  as d e ta i le d  by L e v i n e . A  quench cu rve  approaches a
( P 7  )l im i t i n g  l in e  " a t  lo w e r c o n c e n tra t io n s  o f s u b s tra te . T h e re fo re , a 
s in g le  t i t r a t i o n  can be used to  de te rm ine  th e  b in d in g  a f f i n i t y  and 
c a p a c ity .  When b i l i r u b in  i s  added to  a s o lu t io n  o f  a lbum in , and i t  i s  
co m p le te ly  bound, th e re  i s  a l in e a r  decrease in  f lu o re s c e n c e . The 
quenching p lo t  w i l l  be l in e a r  a t  low  r a t io s  o f b i l i r u b in  to  a lbum in .
When h ig h e r c o n c e n tra t io n s  o f b i l i r u b in  a re  p re sen t th e  p ro p o r t io n  o f 
unbound b i l i r u b in  w i l l  in c re a s e  depending on th e  a f f i n i t y  c o n s ta n t.
T h e re fo re , a quench ing  cu rve  w i l l  be l in e a r  a t  low  r a t io s  o f b i l i r u b in  
to  a lbum in , bu t w i l l  d e v ia te  upwards from  the  s t r a ig h t  l i n e  o f the  
i n i t i a l  p o r t io n  o f the  p lo t  (F ig u re  4 ) .  From t h is  p lo t  th e  s lope  o f |
th e  re g re s s io n  l i n e ,  m., was c a lc u la te d .  T h is  was the n  used to  iI
c a lc u la te  F^, th e  f lu o re s c e n c e  observed when one m o lecu le  o f b i l i r u b in  |
i s  bound to  each m o lecu le  o f a lbum in , by u s in g  th e  e q u a tio n ; JI
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ïo  c o n s tru c t a S ca tcha rd  p lo t ,  Q, the  f r a c t io n a l  quench was 
c a lc u la te d  f o r  every  p o in t  th a t  d e v ia te d  upwards from  the  b es t f i t  
s t r a ig h t  l in e  (F ig u re  4) u s in g  th e  e q u a tio n i 
Q z (F q -  F)/m^ 
where F z f lu o re s c e n c e  o f th a t  p o in t  f o r  w h ich  Q i s  c a lc u la te d ,
Then by u s in g  th e  e q u a tio n ; 
nKa -  K^Q = Q/B
z Q /( (R "Q ) . [a lb u m in ]^ )  
where z b in d in g  a f f i n i t y  
n = b in d in g  c a p a c ity  
R z mole r a t i o  b i l i r u b in  to  a lbum in  
B z number o f m oles o f  unbound b i l i r u b in
A S ca tchard  p lo t  o f Q a g a in s t Q /( (R -Q ) .[a lb u m in ]^ )  (F ig u re  5)
gave a s t r a ig h t  l in e  w ith  a s lope  o f -5 .5  x lO^dm^ m o l " \  i . e .  - (K  ) ia I
th e  a f f i n i t y  c o n s ta n t, and an x in te r c e p t  o f 0 .9 6 , i . e .  th e  b in d in g  i
Î
c a p a c ity  (m oles o f b i l i r u b in  bound per mole o f BSA) f o r  the  p rim a ry  
b in d in g  s i t e  o f b i l i r u b in .  I t  must be noted th a t  w ith  a l l  e m p ir ic a l 
methods, when th e  b i l i r u b in  c a p a c ity  i s  c a lc u la te d  by the  a d d it io n  o f 
b i l i r u b in  th e re  i s  no w e l l  d e f in e d  end p o in t  s in ce  th e  secondary 
b in d in g  s i t e  w i l l  s t a r t  be ing  occup ied  b e fo re  th e  f i r s t  s i t e  i s  
s a tu ra te d . For the  secondary b in d in g  s i t e  th e  S ca tcha rd  p lo t  gave a
7 Q „ ib in d in g  a f f i n i t y  o f 5 .7  x 10 dm mol and a b in d in g  c a p a c ity  o f
1 .1 2 . These r e s u l t s  o f  b in d in g  a f f i n i t i e s  a re  s l i g h t l y  h ig h e r than
(pb'i (27)most v a lu e s  o b ta in e d  from  v a r io u s  te c h n iq u e s , ~ ' Chen u s in g  
flu o re s c e n c e  quench ing , c a lc u la te d  th e  p rim a ry  b in d in g  a f f i n i t y  to  be
2 .2  X ic /dm ^ mol  ^ f o r  b i l i r u b i n  b in d in g  to  a 10 ^mol dra” ^ s o lu t io n  o f
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BSA a t  an io n ic  s tre n g th  o f  0 .1 8  mol pH 7 .4 ,  and a t  25°C. The
p re se n t work was c a r r ie d  o u t w ith  BSA c o n c e n tra t io n s  o f 10"'^mol dra” ^ 
a t  pH 7 .2  in  is o to n ic  b u f fe r  and a t  am bient room tem perature ( i . e .  
2 0 -2 5 ^0 ). T h e re fo re , the  c o n d it io n s  o f the  p re se n t expe rim en t were
(27) (9Q)somewhat d i f f e r e n t  from  those  o f Chen. Lee and G i l l i s p i e  *" noted
d ra m a tic  e f fe c ts  on b i l i r u b i n  bound to  BSA in  com parison to  b i l i r u b in
bound to  a lbum in  when the pH was changed. The b i l i r u b in  bound to  BSA
i s  more s u s c e p t ib le  to  s a l t  changes to o , s in ce  th e  b i l ir u b in  is  
th o u g h t to  bind nearer the surface of th e  bov ine  serum album in. I t  
seems reasonab le  to  assume th a t th e  a f f i n i t y  co n s ta n t (K) w i l l  th e re ­
fo re  vary w ith  pH e tc . T h is  d if fe re n c e  i n  a f f in i t y  (K) may a).so be 
due to  d if fe r e n t  batches v ary in g  i n  th e ir  measured a f f in i t y  f o r  b i l i ­
ru b in  o r the procedure  used f o r  a n a ly s is .  T h is  i s  apparent when con.
7 Qs id e r in g  the  range of a f f i n i t i e s  (K = 10 «10 ) o b ta in e d  fo r  the p rim - 
a ry  b in d in g  s i t e  o f b i l i r u b in  bound to  HSA i n  th e  l i t e r a t u r e .
L e v i n e o b t a i n e d ,  by e x a c t ly  th e  same p rocedu re , b u t u s in g  
d i f f e r e n t  ba tches o f HSA, two b in d in g  a f f i n i t i e s  f o r  b i l i r u b in  o f 
1-2 X 10^ and 6-7 x lO^dm^ raol” ^.
T h e re fo re , in  the present s tu d ie s  the v a lu e s  o f  the  b in d in g  
a f f i n i t y  (K) o b ta in e d  u s in g  BSA flu o re s c e n c e  quenching to  measure both  
th e  p rim a ry  and secondary b in d in g  s i t e s  seem re a son a b le  to  use f o r  
f u r t h e r  com parisons.
An a l t e r n a t iv e  method o f s tu d y in g  the  b in d in g  o f b i l i r u b in  to
a lbum in  i s  to  measure the  enhanced e x tr in s ic  f lu o re s c e n c e  o f b i l i r u b in  
(27)bound to  a lb u m in . When b i l i r u b in  in  s o lu t io n  i s  a c tiv a te d  a t a 
w ave leng th  o f 438nra i t  shows n e g l ig ib le  f lu o re s c e n c e  between 460 and
149 -
640nm. Upon a d d it io n  o f BSA th e re  i s  a d ra m a tic  in c re a s e  in  th e  
b i l i r u b in  f lu o re s c e n c e  w ith  a maximum a t 533nm (F ig u re  6 ) ,
5 5 0 0  
5 0 0 0
5  4 0 0 0
4  3 5 0 0
4 8 0 5 0 0 5 2 0 5 4 0 5 6 0 5 8 0 6 0 0  6 2 0  6 4 0  
W a v e l e n g t h  I'nn. )
F ig u re  6 The em iss ion  f lu o re s c e n c e  spectrum  o f b i l i r u b in  a c t iv a t io n  a t  
438nm in  is o to n ic  b u f fe r .
When b i l i r u b in  i s  f r e e  in  s o lu t io n  a t  pH 7 .2  i t  e x h ib i t s  e x te n ­
s iv e  in t ra m o le c u la r  hydrogen bonding in  the  m o lecu le  (see p. 133 ).
T h is  r e s u l t s  in  l i t t l e  o r no b i l i r u b in  f lu o re s c e n c e . In  g ene ra l d is ­
ru p t io n  o f the  in t ra m o le c u la r  hydrogen bonding le a d s  to  an in c re a s e  in  
th e  f lu o re s c e n c e  o f the  m o le cu le  i . e .  i t  becomes "more o p e n ".^^^^
When b i l i r u b in  i s  bound to  a lbum in  th e  b i l i r u b in  in t ra m o le c u la r
hydrogen bonds have been d e s tro ye d  le a d in g  to  a v a s t in c re a s e  in
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f lu o re s c e n c e  can be employed to  d i r e c t ly  m o n ito r th e  b i l i r u b in  to  
a lbum in  b in d in g . T h is  i s  dem onstra ted in  F ig u re  7 where th e  b i l i r u b in  
e m iss ion  flu o re s c e n c e  i s  p lo t te d  a g a in s t th e  m ole r a t io  o f b i l i r u b in :  
a lb u m in . The enhanced e m iss io n  f lu o re s c e n c e  t i t r a t i o n  i s  com parable 
w ith  F ig u re  4 ; th e  quench ing  f lu o re s c e n c e  t i t r a t i o n  o f b i l i r u b in  to  
a lbum in .
Using th e  b i l i r u b in  enhanced flu o re s c e n c e  t i t r a t i o n  curve  (see 
F ig u re  7) th e  p rim a ry  b in d in g  s i t e  was c a lc u la te d  by a S ca tchard  p lo t  
to  g iv e  a p rim a ry  b in d in g  a f f i n i t y  o f 1,6 x lO^dm^ m ol” ^. T h is  va3.ue
O Qis  com parable w ith  th a t  o f 5 .5  x 10 dm raol~ f o r  th e  p rim a ry  b in d in g  
a f f im '. t y  c a lc u la te d  by m easuring  try p to p h a n  quench ing .
6 .3 .2  STUDYING THE EFFECT OF "ACCELERATORS" UN THE BINDING OF
BILIRUB IN TO ALB UMIN
( 21 )J e n d ra s s ik  and G ro f f i r s t  re p o r te d  th a t  u s in g  a m ix tu re  o f
c a f fe in e  and sodium benzoate co u ld  "a c c e le ra te "  th e  fo rm a tio n  o f
a z o b i l i r u b in  in  th e  " in d i r e c t "  r e a c t io n  van den Bergh te s t  (see
Chapter 5 p. 13B ), T h is  method o f  t o t a l  b i l i r u b in  measurement has
been recommended by th e  N a t io n a l Committee f o r  C l in ic a l  L a b o ra to ry
S tandards (NCCLS, USA), and i s  r o u t in e ly  employed to d a y . There have
been many m o d if ic a t io n s  o f the  o r ig in a l  Jend rass ik -*G ro f method and a
(33)la rg e  v a r ie ty  o f d i f f e r e n t  "a c c e le ra to rs "  recommended (F ig u re  8 ) ,  
( 34)M ic h a e lls o n  proposed th e  use o f d y p h y ll in e  in s te a d  o f c a f fe in e  to
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(SDS) as an a l t e r n a t iv e  a c c e le ra to r .  L an d is  and P urdue^^^fS T) ^ave 
s tu d ie d  th e  k in e t ic s  o f th e  " i n d i r e c t " r e a c t io n  w ith  d ia z o t is e d  
s u lp h a n i l ic  a c id  u s in g  c a f fe in e  and sodium benzoate as a c c e le ra to rs .  
N e ve rth e le ss , the  q u e s t io n  why these  d i f f e r e n t  a c c e le ra to rs  w ork and 
t h e i r  mode o f a c t io n  has never been a de q u a te ly  answered. I t  i s  
th o u g h t th a t  a c c e le ra to rs  m ig h t a l t e r  the  b i l i r u b in - a lb u m in  b in d in g  in  
some manner, re n d e r in g  th e  b i l i r u b in  more a c c e s s ib le  to  e le c t r o p h i l i c  
a t ta c k  by th e  d ia z o t is e d  s u lp h a n i l ic  a c id .  These a c c e le ra to rs  may 
e x h ib i t  c o m p e tit iv e  b in d in g  to  a lb um in , where in  one a lbum in  m o le cu le  
b i l i r u b in  and a c c e le ra to r  cannot bo th  be bound s im u lta n e o u s ly . A l t e r ­
n a t iv e ly ,  they may b in d  n o n -c o m p e tit iv e ly ,  where bo th  s u b s tra te s  can 
be bound to  th e  same m o lecu le  o f a lbum in , but the  b in d in g  a f f i n i t y  o f 
bo th  the  a c c e le ra to r  and th e  b i l i r u b i n  i s  decreased due to  c o n fo r­
m a tio n a l changes o f  th e  a lb u m in .
B i l i r u b in  e m iss io n  coup led  w ith  try p to p h a n  e m iss io n  f lu o re s c e n c e  
was used to  s tudy th e  e f fe c t  o f v a r io u s  a c c e le ra to rs  and m ix tu re s  o f 
a c c e le ra to rs  on th e  b in d in g  o f  b i l i r u b in  to  a lb u m in .
The E f fe c t  o f  "A c c e le ra to rs "  on th e  A lbum in T ryp tophan 
E m iss ion  F luo rescence
S eve ra l a c c e le ra to rs  w ere t i t r a t e d  w ith  BSA and t h e i r  quench ing  
e f f e c t  on th e  try p to p h a n  e m iss io n  f lu o re s c e n c e  m o n ito red  (F ig u re  9 ) .  
Sodium a c e ta te  and u rea  bo th  had no e f f e c t  on th e  try p to p h a n  em iss­
io n .  The f lu o re s c e n c e  was n o t quenched a t  a l l ,  no r was th e  e m iss io n  
maximum s h if te d  from  355tim by even mole r a t io s  o f u rea o r sodium 
a c e ta te  to  a lbum in  o f  25 x 10^ (n o t  shown in  F ig u re  9 ) .  Sodium
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dodecy l s u lp h a te  (SDS) i s  an a n io n ic  s u r fa c ta n t  w h ich  can b in d  to
p ro te in s .  T h is  r e s u l t s  in  th e  p ro te in  hav ing  an o v e r a l l  n e g a tiv e
charge and can cause com plete  d é n a tu ra t io n  o f th e  p ro te in .  When SDS
was added to  th e  a lbum in  s o lu t io n  th e  em iss ion  f lu o re s c e n c e  maximum
s h if te d  from  355nra to  315nm. T h is  in d ic a te s  th a t  th e  try p to p h a n
m ic roe n v iro n m e n t has been d ra m a t ic a lly  p e r tu rb e d . S ince the  p ro te in
secondary s t r u c tu r e  has been d e s tro ye d  th e  quench ing  e f f e c t  o f  SDS on
th e  a c tu a l b in d in g  s i t e  o f b i l i r u b in  cannot be measured. A m ole r a t io  
2o f  13*6 X 10 SDS-albumin decreased th e  em iss ion  f lu o re s c e n c e  a t  315nm 
by 50^ r e la t iv e  to  th e  i n i t i a l  flu o re s c e n c e  o f a lb u m in . When SDS
a d d it io n  to  th e  system was f u r t h e r  co n tin u ed  th e  try p to p h a n  f l u o r ­
escence showed no f u r t h e r  quench ing .
When a l iq u o ts  o f  sodium benzoate were added to  a lbum in  s o lu t io n s ,  
a t  low  mole r a t io s  o f  benzoate to  a lbum in  th e re  was no s ig n i f ic a n t  
quenching o f  the  try p to p h a n  e m is s io n . Only a t  mole r a t io s  o f  > 1 0 0 :1  
d id  th e  benzoate e x h ib i t  an a p p re c ia b le  quenching e f f e c t .  The 
S ca tchard  p lo t  method under these  e xp e rim e n ta l c o n d it io n s  gave a 
b in d in g  a f f i n i t y  o f 7 .47  x 10^ dm^ mol*"^. In  com parison w ith  the  
b in d in g  a f f i n i t y  o f  b i l i r u b in  (5 .5  x lO^dm^ m ol” ^ ) ,  th e  b in d in g  
a f f i n i t y  o f benzoate i s  a lm ost 1 0 ^ - fo ld  lo w e r.
C a ffe in e  and d y p h y ll in e  both  showed a re a son a b le  quench ing  e f f e c t  i
on th e  try p to p h a n  em iss ion  a t  r e la t i v e l y  low mole r a t io s  o f s u b s tra te  j
to  a lbum in  (F ig u re  9 ) .  C a ffe in e  was c a lc u la te d  by th e  S ca tcha rd  p lo t  *
method to  g iv e  a b in d in g  a f f i n i t y  o f 2 .4  x lO^dm^ m o l"^ , th e  c o rre s ­
pond ing  v a lu e  f o r  d y p h y ll in e  be ing  2 .9  x lO^dm^ m ol”  ^ under these 
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be due to  s o lu b i l i t y  d if fe re n c e s  between th e  two m o lecu les* In  th e  
J e n d ra s s ik -G ro f' method sodium benzoate i s  a p p a re n tly  used to  in c re a s e  
th e  s o lu b i l i t y  o f c a f fe in e  by th e  fo rm a tio n  o f an a s s o c ia t io n  
com plex,
S tu d y in g  th e  E f fe c t  o f  "A c c e le ra to rs "  on th e  B in d in g  o f 
B i l i r u b in  to__A1 bumin u s in g  B i l i r u b in  E m ission  F luo rescence  Qu e n c h ing
To de te rm ine  w he the r any o f the  a c c e le ra to rs  have an e f f e c t  on 
th e  a c tu a l b in d in g  o f  b i l i r u b i n  to  BSA th e  change in  th e  b i l i r u b in  
em iss io n  was m o n ito re d  as v a ry in g  amounts o f  a c c e le ra to rs  and m ix tu re s  
o f  a c c e le ra to rs  were added to  th e  b ll ir u b in -B S A  system . I n i t i a l l y  th e  
b i l i r u b in  e m iss io n  f lu o re s c e n c e  was re co rd ed  o f  a s o lu t io n  c o n ta in in g  
a 0 .73  mole r a t i o  o f b i l i r u b in  to  a lbum in , t h i s  gave a maximum r e la ­
t iv e  f lu o re s c e n c e  (1 .0 )  where th e  b i l i r u b in  i s  t i g h t l y  bound to  the  
p rim a ry  b in d in g  s i t e .  Then a l iq u o ts  o f a c c e le ra to r  were added and 
a f t e r  each a d d it io n  th e  b i l i r u b i n  f lu o re s c e n c e  re c o rd e d . Any change 
i n  f lu o re s c e n c e  can be d i r e c t l y  a t t r ib u te d  to  changes in  th e  b in d in g  
o f  th e  b i l i r u b in  (see p. 149) bound to  a lb um in . T h e re fo re , a decrease 
i n  b in d in g  a f f i n i t y  would le a d  to  d i r e c t l y  to  a decrease in  b i l i r u b in  
f lu o re s c e n c e .
The r e la t iv e  f lu o re s c e n c e  was p lo t te d  a g a in s t th e  mole r a t io  o f  
s u b s tra te  to  b i l i r u b in  (see F ig u re  10) and th e  mole r a t i o  o f s u b s tra te  
to  b i l i r u b in  re q u ire d  to  decrease the  b i l i r u b in  f lu o re s c e n c e  by 50#, 
i . e .  Fgyg' was no ted  (see Tab le  1 ) .
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Table 1
A c c e le ra to r  "^1/2
Sodium Benzoate 100
C a ffe in e  12
D y p h y llin e  7
SDS 100
Sodium A ce ta te  ___
Urea —
^ 1 /2  v& lues  quo ted  as mole r a t i o  o f s u b s tra te  to  b i l i r u b in .
When sodium benzoate was added in  sm a ll a l iq u o ts  to  b i l i r u b in  
t i g h t l y  bound to  BSA, th e re  was a v e ry  g ra du a l decrease in  the  em iss­
io n  f lu o re s c e n c e  w ith  reached o n ly  when a 1 0 0 - fo ld  excess o f
benzoate was added. T h e re fo re , sodium benzoate a lone  can a c t as an 
a c c e le ra to r ,  bu t r a th e r  la rg e  mole r a t io s  o f benzoate to  b i l i r u b in  a re  
re q u ire d .  Benzoate does n o t compete w ith  b i l i r u b in  a t  th e  same b in d ­
in g  s i t e ,  b u t g ra d u a lly  decreases th e  c a p a c ity  o f a lbum in  f o r  b i l l -
ru b in  by confo rm at io n a l l y  chang ing  th e  p ro te in .  S im i la r ly ,  th e  -j
!
a n io n ic  s u r fa c ta n t  SDS caused a 50# decrease in  b i l i r u b in  f lu o re s c e n c e  |
a t  a p p ro x im a te ly  a 1 0 0 - fo ld  excess o f  SDS to  b i l i r u b in .  T h is  r e s u l t  j
can be e x p la in e d  by th e  mode o f b in d in g  a c t io n  o f  SDS to  th e  BSA
s u r fa c e . SDS in d is c r ir a in a n t ly  b in ds  to  th e  p ro te in  s u rfa c e  and t h i s  j1
g ra d u a lly  r e s u l t s  in  c o n fo rm a tio n a l changes to  th e  p ro te in  w h ich  may i
r e s u l t  in  d é n a tu ra t io n .  The a c t io n  o f SDS d e s tro y s  th e  h ig h  a f f i n i t y  
b in d in g  s i t e  o f b i l i r u b in ,  th e re fo re  SDS can be c la sse d  as a non­
c o m p e tit iv e  b i l i r u b in  b in d in g  i n h ib i t o r .  Sodium a c e ta te  a d d it io n
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re s u lte d  in  no s ig n i f ic a n t  decrease in  b i l i r u b in  e m iss io n  f lu o re s c e n c e  
up to  a mole r a t i o  o f 100:1 a c e ta te  to  b i l i r u b in .  When t h i s  r a t io  was 
in c re a se d  to  1000:1 th e re  was o n ly  a 25# decrease in  th e  t o t a l  r e la ­
t i v e  f lu o re s c e n c e . Hence, sodium a c e ta te  can n o t o n ly  be cons ide red  
to  be n o n -c o m p e tit iv e , b u t in e f f e c t iv e  in  rem oving b i l i r u b in  from  i t s  
h ig h  a f f i n i t y  b in d in g  s i t e  in  BSA a t  mole r a t io s  o f ^ 1000:1 a c e ta te  
to  b i l i r u b in .
In  c o n tra s t both  d y p h y ll in e  and c a f fe in e  e x h ib ite d  marked changes 
in  b i l i r u b in  b in d in g  a t  low  s u b s tra te  to  b i l i r u b in  mole r a t io s  (see 
F ig u re  1 0 ). In  th e  case o f d y p h y ll in e  F^y^ observed a t  an 8 - fo ld  
excess o f d y p h y l l in e .  When a l iq u o ts  o f  c a f fe in e  were added to  the  
b i l i r u b in - a lb u m in  system F^yg was reached a t  a c a ffe in e  to  b i l i r u b in  
mole r a t io  o f  1 2 -1 3 :1 . As a d d it io n  o f c a f fe in e  co n tin u e d  t h i s  le a d  to  
an appa ren t in c re a s e  in  b i l i r u b in  f lu o re s c e n c e , whereas w ith  d y p h y ll­
in e  th e  f lu o re s c e n c e  decreased to  a rainj.mum. T h is  app a re n t in c re a s e  
i s  a c tu a l ly  l i g h t  s c a t te r in g ,  w h ich  i s  caused by unbound b i l i r u b in  
under these c o n d it io n s  exceed ing  i t s  s o lu b i l i t y  le a d in g  to  c o l lo id  
fo rm a tio n  and hence l i g h t  s c a t te r in g .  T h is  i s  q u i te  commonly observed 
when s tu d y in g  th e  b in d in g  a f f i n i t y  and c a p a c ity  o f b i l i r u b i n  to  sm a ll 
c o n c e n tra t io n s  (0.4yu/raol dm”  ) o f  a lbum in  and when m o n ito r in g  the  
e f fe c ts  o f  drugs on th e  b in d in g  o f  b i l i r u b in  to  a lb um in  by th e  
te ch n iq u e  o f f lu o re s c e n c e  s p e c tro s c o p y , ^
The r e s u l t s  o b ta in e d  from  the  a d d it io n  o f the  a c c e le ra to r  urea 
(see F ig u re  10) canno t be e a s i ly  e x p la in e d , th e re  tended to  be no 
s ig n i f ic a n t  decrease in  f lu o re s c e n c e  due to  th e  a d d it io n  o f u rea , then 
a t  a urea to  b i l i r u b in  mole r a t io  o f 30 -40 :1  an in c re a s e d  f lu o re s c e n c e
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was observed . T h is  a g a in  may be l i g h t  s c a t te r in g  due to  b i l i r u b in  
c o l lo id  fo rm a tio n , bu t th e re  seemed to  be no i n i t i a l  decrease in  
f lu o re s c e n c e  b e fo re  l i g h t  s c a t te r in g  i s  observed . T h e re fo re , no 
c o n c lu s io n s  can be made about the  a b i l i t y  o f  u rea  to  decrease the  
b in d in g  o f  b i l i r u b in  to  BSA,
Several, d i f f e r e n t  a c c e le ra to rs  have been in v e s t ig a te d  by Lo lekha  
(39)and L irapav ithaya icu l to  measure th e  a b i l i t y  o f these  a c c e le ra to rs  
to  promote the  " i n d i r e c t "  d ia z o  re a c t io n  o f b i l i r u b in .  U sing  v is ib le  
spectroscopy they measured th e  in c re a s e d  a b s o rp tio n  a t  600nm due to  
th e  fo rm a tio n  o f  a z o b i l i r u b in .  The a c c e le ra to rs  in v e s t ig a te d  were 
sodium a c e ta te , HCl, d y p h y ll in e ,  sodium benzoate, c a f fe in e ,  and 
m ix tu re s  o f  th e se .
As an a c c e le ra to r  they  found c a f fe in e  a lone  co u ld  promote 
in c re a s e d  fo rm a tio n  o f a z o b i l i r u b in  when b i l i r u b in  was bound to  BSA. 
T h is  i s  in  keep ing  w ith  th e  a b i l i t y  o f  c a f fe in e  to  decrease e f f e c t ­
iv e ly  th e  c a p a c ity  o f a lbum in  f o r  b i l i r u b in ,  as found  by t h i s  p re se n t
w ork . Using v a r io u s  amounts o f  b i l i r u b in  (20~230mg dm” ^) bound to  BSA
-3and HSA these  w o rke rs  recommended 9g dm o f c a f fe in e ,  o r t h i s  amount 
i n  a combined m ix tu re  w ith  o th e r  a c c e le ra to rs ,  to  promote th e  re a c ­
t io n .  When t h i s  recommended 2 6 7 - fo ld  excess o f  c a f fe in e  to  b i l i r u b in  
was added to  th e  same b i l i r u b in - a lb u m in  system a s .b e fo re  th e  b i l i r u b in  
e m iss io n  f lu o re s c e n c e  gave a v a lu e  o f  1.163 (see Table 2) hence b i l i ­
ru b in  had e f f e c t iv e ly  been removed from  th e  b in d in g  s i t e  and form ed an 
in s o lu b le  c o l lo id .  However, from  th e  p re v io u s  f lu o re s c e n c e  s tu d ie s  
b i l i r u b in  co u ld  have been e f f e c t iv e ly  removed by mole r a t io s  o f o n ly  
20 -50 :1  and hence a llo w  the  re a c t io n  o f unbound b i l i r u b in  and
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s u lp h a n i l ic  a c id  to  ta ke  p la c e . I t  i s  a s to n is h in g  to  f in d  t h a t  in
many methods c a ffe in e  c o n c e n tra t io n s  o f  15-50g dm""^ a re  used.^*^^^
S im i la r ly ,  L o lekha  and L im p a v ith a y a k u l found d y p h y ll in e  to  be a good
a c c e le ra to r  and suggested i t  be used up to  a maximum c o n c e n tra t io n  o f 
” 3lOg dm i t s e l f ,  o r more e f f e c t iv e ly  w ith  a co m b ina tio n  o f a c c e le r ­
a to rs .  T h is  recommended amount i s  a 2 2 6 - fo ld  excess o f d y p h y ll in e  to  
b i l i r u b in .  In  c o n tra s t  th e  p re se n t w ork in d ic a te s  th a t  <  5 0 - fo ld  
excess o f  d y p h y ll in e  i s  more th a n  adequate to  remove b i l i r u b in  from  
i t s  h ig h  a f f i n i t y  b in d in g  s i t e  (see F ig u re  1 0 ),
From th is  p re s e n t s tudy sodium benzoate was found  to  decrease 
g ra d u a lly  th e  c a p a c ity  o f  BSA f o r  b i l i r u b in ,  b u t a ^  1 4 0 - fo ld  excess 
o f  benzoate to  b i l i r u b in  w ou ld  be re q u ire d  to  remove s u c c e s s fu lly  the  
m a jo r ity  o f th e  b i l i r u b in  from  the  p ro te in ,  L o lekha  and L im p a v ith a y ­
a ku l suggest up to  a 2 1 7 0 - fo ld  excess as be ing  e f f e c t iv e .  T h is  a g a in  
seems f a r  too  g re a t an excess to  a dequa te ly  remove b i l i r u b in  from  
BSA. Sodium a c e ta te  was found  by these  w o rke rs  n o t to  a c c e le ra te  the  
" in d i r e c t "  r e a c t io n  o f  b i l i r u b in  bound to  BSA w ith  d ia z o t is e d  
s u lp h a n i l ic  a c id .  They recommend sodium a c e ta te  n o t to  be used a lone  
as an a c c e le ra to r ,  b u t o n ly  in  co m b ina tio n  w ith  o th e r  agen ts  a t  
c o n c e n tra t io n s  o f  90g dm“ ^ .  T h is  i s  indeed  s im i la r  to  th e  e f fe c t  o f 
sodium a c e ta te  on th e  b in d in g  o f  b i l i r u b in  to  BSA. When sodium 
a c e ta te  was added up to  1 0 0 0 -fo ld  excess (n o t shown in  F ig u re  10) th e  
r e la t iv e  f lu o re s c e n c e  had o n ly  dropped to  0 .7 5 , A l t e r n a t iv e ly ,  when 
sodium a c e ta te  was added in  7 3 5 0 - fo ld  excess (as  recommended by 
Lo lekha  and L im p a v ith a y a k u l)  th e re  was an in c re a s e  i n  th e  r e la t i v e  
f lu o re s c e n c e  to  1.12Ü (see Table 2) in d ic a t in g  b i l i r u b in  c o l lo id  
fo rm a tio n .  A t t h i s  e xce ss ive  a c e ta te  to  b i l i r u b in  mole r a t i o  sodium
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Table 2
A c c e le ra to r
( i )  c a f fe in e
( i i )  sodium a c e ta te
( i i i )  u rea
( i v )  c a f fe in e  + urea 
(v )  c a ffe in e  + a c e ta te  
( v i )  a c e ta te  urea 
( v i i )  c a f fe in e  + urea 
+ a c e ta te
Mole R a tio  




267 4. 1000 
267 + 7350 
7350 + 1000 
267 + 1000 
4- 7350









a c e ta te  must be d e n a tu r in g  th e  a lbum in  and hence re le a s in g  th e  
b i l i r u b in  from  the  b in d in g  s i t e .
The e f fe c t  o f  u rea  as an a c c e le ra to r  i s  d i f f i c u l t  to  in t e r p r e t .  
The urea does n o t appear to  have any s ig n i f ic a n t  e f f e c t  excep t 
a d d it io n  causes e x te n s iv e  l i g h t  s c a t te r in g .  When a 1 0 0 0 -fo ld  excess 
o f  u rea to  b i l i r u b in ,  as recommended by L o lekha  and L im p a v ith a y a k u l, 
was added to  th e  b i l i r u b in - a lb u m in  system the  r e s u l t in g  r e la t i v e  
flu o re s c e n c e  in d ic a te d  e x te n s iv e  l i g h t  s c a t te r in g  '(see Table 2 ) .
As a r e s u l t  o f  t h e i r  s tu d ie s  L o lekh a  and L im p a v ith a y a k u l proposed 
a com b ina tio n  o f a c c e le ra to rs  as an e f f e c t iv e  a c c e le ra to r  m ixture  
( i . e .  9g c a ffe in e , lOg urea, and 90g sodium a c e ta te  in  11) to  promote 
th e  re a c tio n  o f " in d ire c t"  b i l i r u b i n  w ith  d ia zo tis e d  s u lp h a n ilic
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a c id .  As d iscussed  p re v io u s ly  these  amounts o f a c c e le ra to r  were 
in v e s t ig a te d  by f lu o re s c e n c e  spec troscopy  to  de te rm ine  t h e i r  a b i l i t y  
to  remove b i l i r u b in  from  th e  h ig h  a f f i n i t y  b in d in g  s i t e  o f BSA, Then 
d i f f e r e n t  co m b ina tio ns  o f  these  r e la t iv e  amounts were added to  the  
b i l i r u b in - a lb iu n in  system and f i n a l l y  the  m ix tu re  i t s e l f  was assessed 
as a b i l i r u b in  b in d in g  i n h ib i t o r .  The r e s u l t in g  r e la t iv e  flu o re s c e n c e  
v a lu e s  a re  shown in  Tab le  2 . The a c tu a l m ix tu re  was shown to  be 
s l i g h t l y  more e f f e c t iv e  tha n  th e  d i f f e r e n t  co m b ina tio ns  of two 
a c c e le ra to rs ,  b u t th e  m ix tu re s  w ere  n o t as e f f e c t iv e  as th e  a c c e le r ­
a to rs  by them selves in  rem oving th e  b i l i r u b in  from  th e  BSA to  the  
e x te n t th a t  a b i l i r u b in  c o l lo id  i s  fo rm ed. P o s s ib ly  th is  proposed 
m ix tu re  does n o t a c c e le ra te  th e  re le a s e  o f b i l i r u b in  from  albumin to  
any g re a te r  degree b u t in s te a d  increases th e  ra te  o f th e  re a c tio n  o f 
f r e e  b i l i r u b in  w ith  d ia z o t is e d  s u lp h a n i l ic  a c id .
In  c o n c lu s io n , t h i s  p re s e n t s tudy has s u c c e s s fu lly  e va lu a te d  the  
e f f e c t  o f  v a r io u s  so c a l le d  "a c c e le ra to rs "  on the  " in d i r e c t "  b i l i r u b in  
re a c t io n  to  remove b i l i r u b i n  from  i t s  h ig h  a f f i n i t y  b in d in g  s i t e  on 
BSA. None o f th e  a c c e le ra to rs  s tu d ie d  e x h ib ite d  c o m p e tit iv e  b in d in g  
a t  the  b i l i r u b in  h ig h  a f f i n i t y  b in d in g  s i t e .  Some a c c e le ra to rs  more 
th a n  o th e rs  were s u c c e s s fu l in  dec rea s in g  th e  c a p a c ity  o f the  BSA f o r  
b i l i r u b in ,  and hence were n o n -c o m p e tit iv e  in h ib i t o r s  o f b i l i r u b in  
b in d in g . From these  p re s e n t r e s u l t s  i t  i s  appa ren t th a t  bo th  c a f fe in e  
and d y p h y ll in e  can be in d e p e n d e n tly  used as s u c c e s s fu l n o n -c o m p e tit iv e  
in h ib i t o r s  bu t a t  much lo w e r c o n c e n tra t io n s , e .g .  1 ,8 lg  dm (a 
5 0 - fo ld  excess o f a c c e le ra to r  to  b i l i r u b in ) ,  r a th e r  than  th e  9-10g 
dm (267“ fo ld  excess) recommended by p re v io u s  w o rk e rs . T h is  w ork d id  
n o t f in d  c a ffe in e  any more e f f e c t iv e  in  a co m b ina tio n  m ix tu re  w ith
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sodium a c e ta te  and u re a . Sodium benzoate in d e p e n d e n tly  i s  n o t a ve ry 
e f f e c t iv e  in h ib i t o r  a t  low  r a t io s  o f  benzoate to  b i l i r u b in ,  th e re fo re ,  
in  th e  J e n d ra s s ik -G ro f method benzoate i s  c le a r ly  used to  in c re a s e  the  
s o lu b i l i t y  o f th e  c a f fe in e ,  hence in c re a s in g  i t s  a c c e le ra t in g  a b i l ­
i t y .  SDS must be added in  la rg e  q u a n t i t ie s  ( ^  1 0 0 - fo ld  excess) to  
dena tu re  e f f e c t iv e ly  th e  BSA th u s  re le a s in g  b i l i r u b in  and hence i t  i s  
n o t as e f f e c t iv e  as c a f fe in e  o r d y p h y ll in e .  Sodium a c e ta te  cannot a c t 
as an a c c e le ra to r  a lo n e , o n ly  a t  extrem e mole r a t io s  o f  a c e ta te  to  
b i l i r u b in  (e .g .= ^7 3 5 0 ) does t h i s  i n h i b i t  b i l i r u b in  b in d in g  f u l l y ,  
A ce ta te  must be used i n  co m b in a tio n  w ith  o th e r  a c c e le ra to rs ,  i f  a t 
a l l .  The a c t io n  o f  u rea  i s  n o t f u l l y  unde rs tood , b u t i t  seems to  
e f f e c t iv e ly  remove b i l i r u b in  a t  much lo w e r c o n c e n tra t io n s  than  
p re v io u s ly  recommended ( i . e . -^10 0 0 - fo ld  e x c e s s ). In  th e  " in d i r e c t "  
re a c t io n  perhaps th e  r o le  o f u rea and sodium a c e ta te  in  such v a s t 
excess i s  to  decrease th e  b in d in g  o f  b i l i r u b in  by chang ing th e  pH o f 
th e  system so d r a s t i c a l l y  so th a t  th e  p ro te in  i s  dena tu red  and thus  
b i l i r u b in  i s  re le a s e d . B il ir u b in -B S A  b in d in g  i s  much more s u s c e p tib le  
to  pH changes tha n  b il ir u b in -H S A  b in d in g . In  a d d it io n  a lbum in  a t  
p h y s io lo g ic a l pH i s  in  th e  N -fo rm  c o n fo rm a tio n  w h ich  r e a d i ly  b inds 
b i l i r u b in ,  b u t a t  pH 12 th e  C -form  c o n fo rm a tio n  e x is ts  w h ich  does no t 
b in d  b i l i r u b in .  L ik e w is e , a t  e x tre m e ly  low pH (pH < 4) a lbum in  e x is ts  
i n  a t h i r d  c o n fo rm a tio n , th e  F -fo rra . Very l i t t l e  re se a rch  has been 
c a r r ie d  o u t on th e  F -fo rm  o f a lbum in , bu t i t  seems th a t  b i l i r u b in  does 
n o t b in d  to  t h i s  fo rm  e i t h e r .
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6 . 3 . 3  THE EFFECTS.02 POLYAMINO ACID CHAIN8-0N BILIRUBIN 
EWIgSJON FLUORESCENCE
(41 )Trul.1 e t  a l  f i r s t  re p o r te d  b i l i r u b in  b in d in g  by c o v a le n t
lin k a g e  to  a p o ly s ty re n e  m a trix  po lym er. T h is  work in d ic a te d  th a t
s im p le  polym er m a tic e s  co u ld  be good m odels f o r  b i l i r u b in  b in d in g
p ro te in s .  S ince th e  b i l i r u b in  b in ds  c o v a le n t ly  to  th e  polym er, t h is
b in d in g  a c t io n  i s  a p p ro p r ia te  to  s tu d y , thus re v e a lin g  in fo rm a t io n  on
th e  in t e r a c t io n  o f b i l i r u b i n  w ith  more complex system s, i . e .  bov ine
( 2?)serum a lb um in . More re c e n t ly  M a rr-L e is y  a l  " , u s in g  induced 
c i r c u la r  d ic h ro is m , re p o r te d  b i l i r u b in  b in d in g  to  a po lyam ino a c id ;  
p o ly - L - ly s in e ,  a t  pH 1 1 .4 . Using th e  tech n iq ue  o f b i l i r u b in  em iss ion  
f lu o re s c e n c e  th e  b in d in g  o f  b i l i r u b in  to  poly-L-= ly s in e  was i n i t i a l l y  
s tu d ie d .
A t pH 11.4 b i l i r u b in  i s  much more s o lu b le  tha n  a t  pH 7 .2 ,  For the  
b i l i r u b in  m o le cu le , th e  two c a rb o x y l and two lac tam  m o ie t ie s  have pK 
va lu e s  in  w a te r o f 4 .4 , 4 .4 ,  1 3 .0 , and 13.0 r e s p e c t i v e l y . There­
fo re , a t  pH 11.4 bo th  the  c a rb o x y lic  a c id s  w i l l  be f u l l y  dep ro tona ted  
and a h ig h e r percen tage  of la c ta m  m o ie t ie s  a re  d is s o c ia te d  in  compar­
is o n  to  pH 7 .2 .  T h is  degree o f d e p ro to n a tio n  le a d s  to  d e s tru c t io n  o f 
the  in t ra m o le c u la r  hydrogen bond ing o f  the  b i l i r u b in  le a d in g  to  in ­
creased s o lu b i l i t y .  The b i l i r u b i n  em iss io n  f lu o re s c e n c e  was re c o r ­
ded f o r  a s o lu t io n  o f b i l i r u b i n  (1 .0 4  x 10“ ^mol dm~^) a t  pH 11 ,4 , then 
a l iq u o ts  o f p o ly - L - ly s in e  were added and th e  r e s u l t in g  flu o re s c e n c e  
recorded. R e la t iv e  f lu o re s c e n c e  was p lo t te d  a g a in s t th e  mole r a t io  o f 
b i l i r u b in  to  p o ly -L -ly s in e . T h is  gave a flu o re s c e n c e  enhancement
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t i t r a t i o n  w h ich  was s u b je c te d  to  a S ca tchard  p lo t .  The a f f i n i t y
c o n s ta n t, K, f o r  b i l i r u b in  b in d in g  to  p o ly -L - ly s in e  ( % h e l ix )  was
c a lc u la te d  to  be 2 .2  x lO^dm^ mol~^ w ith  a b in d in g  c a p a c ity  o f 0 ,96
f o r  one mole o f p o ly - L - ly s in e .  T h e re fo re , b i l i r u b in  has a 1 0 0 -fo ld
lo w e r b in d in g  a f f i n i t y  f o r  p o ly -L - ly s in e  a t  pH 1 1 .4 , than  f o r  the
p rim a ry  b in d in g  s i t e  o f BSA a t  pH 7 .2 ,  N e ve rth e le ss , t h i s  degree o f
a f f i n i t y  f o r  p o ly - L - ly s in e  in d ic a te s  th e  s ig n if ic a n c e  o f ly s in e
re s id u e  240 in  th e  p rim a ry  b in d in g  s i t e  o f HSA. The amino a c id  ly s in e
has a f l e x ib le  s id e  ch a in  w ith  a p o te n t ia l ly  re a c t iv e  amino a c id  group
a t  the  end. The h ig h  pK^ o f  ^ 1 0 .5  means th a t  the  s id e  cha ins  a re
( 12)p ro to n a te d  a t  p h y s io lo g ic a l pH. Jacobsen ' found  c a rb o d i- im id e  
c o u p lin g  e xpe rim en ts  th a t  b i l i r u b in  i s  bound to  ly s in e  240. There­
fo r e ,  i t  i s  l i k e l y  th a t  one o f the  c a rb o x y la te  g roups o f  b i l i r u b in  
b inds  to  th e  ly s in e  by an e le c t r o s t a t ic  in te r a c t io n ,  as w e l l  as by 
h yd rophob ic  in te r a c t io n s  w ith  o th e r  amino a c id s  o f th e  p rim a ry  s i t e .
A t pH 11.4 th e  06 h e l i x  p o ly - L - ly s in e  u n i t  w i l l  have d ep ro ton - 
a ted  amino a c id  c h a in s  and hence be over a l l  b a s ic  in  n a tu re . In  th e  
same In s ta n c e  some b i l i r u b in ,  as d iscussed  p re v io u s ly ,  a ltho u gh  
s o lu b le  a t  pH 11.4 i t  e x h ib i t s  n e g l ig ib le  f lu o re s c e n c e . On a d d it io n  
o f  the  b a s ic  p o ly - L - ly s in e  th e  b i l i r u b in  e m iss io n  f lu o re s c e n c e  was 
enhanced s in ce  th e  in t ra m o le c u la r  hydrogen bonds between th e  lac tam s 
and th e  p ro pa n o ic  a c id  groups a re  d is ru p te d  le a d in g  to  an e le c t r o ­
s t a t i c  in te r a c t io n  w ith  th e  p ro p a n o ic  a c id  groups and th e  b a s ic  s id e  
ch a ins  o f th e  p o ly - L - ly s in e .  B i l i r u b in  i s  now in  a more open form  
w h ich  i s  an a c t iv e  chrom ophore.
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( 2 2 )M a rr-L e is y  e t  a l  re p o r te d  th a t  when a random c o i l  o f  p o ly -  
ly s in e  was used in s te a d  o f  p o ly - L - ly s in e ,  even a lth o u g h  the  s id e  ch a in  
amino a c id  w ou ld  be b a s ic , th e re  was no s ig n i f ic a n t  in te r a c t io n  w ith  
b i l i r u b in  a t  pH 1 1 .4 . Hence th e  co n fo rm a tio n  o f  th e  oc h e l ix  ( i . e  L 
fo rm ) o f  p o ly - ly s in e  i s  v i t a l .  The p a r t ic u la r  o r ie n ta t io n  o f  the  s i.de 
ch a in  amino a c id s  and t h e i r  h yd rop h ob ic  e f fe c ts ,  i n  a d d it io n  to  t h e i r  
e le c t r o s ta t ic  in t e r a c t io n  w ith  b i l i r u b in  accoun ts  f o r  the  a b in d in g  
a f f i n i t y  o f 2 .2  x lO^dm^ m o l"^ .
The e f fe c t  o f  a p o ly -L -a s p a ra g in e  amino a c id  ch a in  on th e  
b i l i r u b in  e m iss io n  f lu o re s c e n c e  was the n  in v e s t ig a te d  a t  pH 7 .2 .  When 
p o ly -L -a s p a ra g in e  (5 .5  x lOT^mol dm” ^ ) was added to  a s o lu t io n  o f 
b i l i r u b i n  (1 .05  x lO '^m o l dm~^) th e re  was a 1 .6 8 - fo ld  in c re a s e  in  th e  
f lu o re s c e n c e . T h is  enhanced b i l i r u b in  flu o re s c e n c e  can be e x p la in e d  
i f  the  c h a r a c te r is t ic s  o f  th e  amino a c id  aspa rag ine  a re  co ns ide re d . 
A sparagine has a amide group s id e  ch a in  w h ich  i s  n o t a c id ic ,  bu t i s  
p o la r  and a b le  to  p a r t ic ip a te  in  hydrogen bond ing . T h e re fo re , p o ly -L -  
a spa rag ine  i s  a p o la r  amino a c id  c h a in  w h ich , when in tro d u c e d  in t o  a 
system w ith  o n ly  n e g l ig ib le  f lu o re s c e n c e  produces an in c re a s e  in  
flu o re s c e n c e . T h is  i s  due to  a more open b i l i r u b in  chrcmiophore th a t  
b in d s  to  th e  p o ly -L -a s p a ra g in e  by hydrogen bonding as w e l l  as by 
hyd rophob ic  in te r a c t io n s .  These b i l i r u b in  in te r a c t io n s  w ith  
p o ly -L -a s p a ra g in e , a lth o u g h  n o t as d ra m a tic  as those  w ith  p o ly -L -  
ly s in e  a t  pH 11 .4 , must be the rm od yn am ica lly  more fa v o u ra b le  than  
b i l i r u b in  in t ra m o le c u la r  hydrogen bonding a t  pH 7 .2 .  The amino a c id  
aspa rag ine  i s  n o t found  a t  the  h ig h  a f f i n i t y  b in d in g  s i t e  o f
Table 3
i t io n  S ta te S o lid  S ta te Assignment
162.37 168.295 10, 15
164.993
130.60 134.949 9 , 1
132.618
125.31 129.640 4 , 6
128.539
117.02 117.143 2 , 8
115.24 115.136 3 , 7
21.78 20.149 5
10.25 12.119 11, 14
10.953








F ig u re  11 3 , 3 ' , 4 , 4 * -T e tra m e th y l-5 , 5 ’ -d lc a rb o x y -2 ,2  ^ -d ip y rry lm e th a n e
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b i l i r u b in .  However, t h i s  s tudy  has in d ic a te d  th a t  a t  pH 7 ,2  hydrogen 
bonding and h yd ro p h o b ic  in te r a c t io n s  w ith  th e  a spa rag ine  ch a in  a re  
s tro n g  enough to  d e s tro y  th e  in t ra m o le c u la r  hydrogen bonding o f  
b i l i r u b in .
6 .3 .4  AN IHVESTllATION OF THE INTERACTION OF BILIRUBIN AND BSA 
BY THE TECHNmUE OF-^^C SOLID STATE NMR SPECTROSCOPY
The S o lid  S ta te  NM  Spectrum o f D iD v rrv lm e th a ne
Due to  problem s o f  s o lu b i l t i y  u s in g  C s o lu t io n  s ta te  NMR th e
in te r a c t io n  o f b i l i r u b in  and BSA was f u r t h e r  in v e s t ig a te d  by the  
13tech n iq ue  o f C s o l id  s ta te  NMR. I n i t i a l l y ,  to  e s ta b lis h  th e  c o r re c t  
13 C s o l id  s ta te  ass ignm ents o f b i l i r u b in  a s im p le  model d ip y r r o le ,
3 ,3 * , 4 ,4 * - te tra m e th y 1 -5 ,5 '- d ic a rb o x y -2 , 2 ‘ -d ip y rry lm e th a n e  (F ig u re  11)
13was in v e s t ig a te d  u s in g  CPMAS and TOSS modes o f  C s o l id  s ta te  NMR.
13These assignm ents were o b ta in e d  by com parison w ith  th e  C s o lu t io n
s ta te  NMR spectrum  (see Table  3 and F ig u re s  11 and 1 2 ).
I t  i s  o bv iou s , by com parison, th a t  the  d ip y rry lm e th a n e  has 
d i f f e r e n t  o r ie n ta t io n s  in  s o lu t io n  and s o l id  s ta te s .  In  th e  s o lu t io n  
s ta te  se v e ra l s e ts  o f carbons share  id e n t ic a l  chem ica l s h i f t s  and 
hence chem ica l env ironm en ts , e .g .  C^, ; e tc ,
whereas, in  th e  s o l id  s ta te  they have d is t in c t i v e  chem ica l s h i f t s  and 
hence d i f f e r e n t  m ic ro e n v iro n m e n ts  in  th e  c r y s t a l l in e  l a t t i c e .  There 
a re  a ls o  s p e c i f ic  changes in  th e  chem ica l s h i f t s  o f  s e v e ra l o f the  
carbon resonances. The two c a rb o x y lic  a c id  carbons have moved 














im p ly in g  both  have become more e le c tro n e g a t iv e  th a n  in  s o lu t io n .  In  
th e  c r y s ta l  pack ing  o f  the  d ip y rry lm e th a n e  th e  two c a rb o x y lic  a c id s  
must be in v o lv e d  in  in te rm o le c u la r  hydrogen bonding and e le c t r o s ta t ic  
in te r a c t io n s  w ith  o th e r  m o le c u le s . In  a d d it io n  C^, C^, C^, and C_ 
w i t h in  th e  p y r ro le  r in g s  e x h ib i t  a d o w n fie ld  chem ica l s h i f t  i n  th e  
s o l id  s ta te  due to  in te rm o le c u la r  in te r a c t io n s ,  whereas th e  o th e r 
carbons o f  the  p y r ro le  r in g s ,  C^, C^, C^, and C^, have e x a c t ly  th e  
same chem ica l s h i f t s  in  bo th  s o lu t io n  and s o l id  s ta te .  I t  i s  apparen t 
t h a t  these  carbons do n o t s ig n i f ic a n t ly  in te r a c t  w ith  o th e r m o lecu les  
t o  any degree when c lo se  packed in  th e  c r y s ta l  l a t t i c e  s in ce  they do 
n o t have any hydrogen atoms a tta c h e d  w h ich  p a r t ic ip a te  in  in te rm o l»  
e c u la r  hydrogen bond ing . The m e th y l carbons, and
in  th e  s o l id  s ta te  show changes in  chem ica l s h i f t  a g a in  in d ic a t in g  
in te rm o le c u la r  in te r a c t io n ,  p o s s ib ly  hydrogen bond ing  and a d i f f e r e n t  
o r ie n ta t io n  in  th e  c r y s ta l .
The S o lid  S ta te  NMR Spectrum  o f B i l i r u bin  IX  %
There have been a la rg e  v a r ie ty  o f in v e s t ig a t io n s  in t o  the  |
INMR ass ignm ents o f b i l i r u b in  IX o i- z ,z  and th e  beh a v io u r o f th e  J
(4 3 .4 4 ) ■*m o lecu le  in  s o lu t io n .  N e ve rth e le ss , up u n t i l  1985 when i!(45) 13 iM u lle r  re p o r te d  th e  f u l l  assignm ent o f the  C NMR spectrum  u s in g  j
two d im ens iona l h e te ro n u c le a r  chem ica l s h i f t  c o r r e l a t i o n ^ j
13th e re  had been no com plete  assignm ent o f the  '^C resonances o f  the  
r in g  carbons in  th e  m o le c u le .
In  the  s o l id  s ta te  b i l i r u b in  c r y s ta ls  e x is t  i n  a t r i c l i n i o  
fo rm .^^^^  There a re  two e n a n tio m e r ic  m o le cu les  o f  b i l l r u b in ^ ^ ^ ^  in  th e  
c r y s ta l  s t r u c tu re ,  bo th  have z ,z  c o n f ig u ra t io n  a t  th e  C and ^ 






















Figure 13 B ilirubin IX<x.-z,z
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m a tions  (see Photographs 21 and 2 2 ) . In  t h i s  r id g e  t i l e  co n fo rm a tio n  
th e  two p lanes , w ith  an in te r p la n a r  ang le  o f a p p ro x im a te ly  97°, a re  
form ed by r in g s  A + B and C + D. S ix  in t ra m o le c u la r  hydrogen bonds 
s t a b i l i s e  each o f th e  b i l i r u b in  m o le cu les  (see F ig u re  13) in  the  
c r y s ta l  s t r u c tu re ,  b u t th e re  i s  no ev idence  o f in te rm o le c u la r  hydrogen 
bond ing . B i l i r u b in  can be regarded  as a 2 ,2 '-d ip y r ry lm e th a n e  w hich a t  
the  oc p o s it io n s  has c o n ju g a tin g  s u b s t i tu e n ts  s in ce  th e  bond le n g th s  
suggest th a t  d é lo c a l is a t io n  ove r the  two in d iv id u a l  co n jug a te d  p y r ro le  
system s i s  l im i t e d ,  i . e .  C ^-C ,, and resem ble  s in g le  bonds,
whereas and C^-C^ a re  e s s e n t ia l ly  doub le  bonds. In  th e
c r y s ta l  p ack ing  s ta c k s  o f  these  r id g e  shaped b i l i r u b in  mo] eou3.es run  
in  p a r a l le l  l in e s  and a re  in te r lo c k e d  w ith  in v e r te d  s ta c k s . In  th e  
s ta c k in g  l in e s  a d ja c e n t m o le cu les  a re  enan tiom ers .
In  s o lu t io n  s ta te ,  e .g .  i n  c h lo ro fo rm , b i l i r u b in  has been found 
by Hi NMR s tu d ie s ^  to  possess these  s ix  d is t in c t i v e  in t ra m o le c u la r  
hydrogen bonds w ith  z ,z  c o n f ig u ra t io n  a t  and , In  s o lu t io n  the  
b i l i r u b in  m o lecu le  e x is ts  as two e n a n tio m e r ic  confo rm era , th e  therm o­
dynamics o f  the  in te r c o n v e rs io n  ( i . e .  th e  b re a k in g  o f  th e  s ix  i n t r a ­
m o le c u la r hydrogen bonds and r o ta t io n  about the  c e n t ra l m ethylene 
b r id g e )  has been s tu d ie d  by Navon e t  Each o f th e  enan tiom ers ,
as in  th e  s o l id  s ta te ,  e x h ib i t s  no in te rm o le c u la r  bond ing .
13Due to  problem s o f  s o lu b i l i t y  a l l  th e  C s o lu t io n  NMR had to  be 




















In  th e  l i g h t  o f th e  c h a r a c te r is t ic s  o f b i l i r u b in  in  bo th  s o lu t io n
13and s o l id  s ta te  d iscussed  p re v io u s ly ,  the  C ass ignm ents in  s o lu t io n
s ta te  (DMSO-d^) and s o l id  s ta te  were compared (see Table  4 and f ig u r e s
1313 and 14 ). A ltho u gh , in  s o l id  s ta te  th e  C resonances a re  no t as
w e l l  re s o lv e d  as by th e  te ch n iq u e  o f 2D NMR, n e v e rth e le s s  th e  e f fe c t
13o f in t ra m o le c u la r  hydrogen bonding on the  C resonances can ba
13d i r e c t ly  observed . T h is  i s  v e ry  appa ren t i n  s p e c i f ic  C resonances;
the  carbons o f  the  c a rb o x y lic  a c id  groups have s h if te d  from  
174.1ppm in  s o lu t io n ,  where they a re  hydrogen bonded to  th e  DMSO, to  
179.7ppm. T h is  d o w n fie ld  chem ica l s h i f t  o f  5 ppm can be d i r e c t ly  
a t t r ib u te d  to  in t ra m o le c u la r  hydrogen bonding w ith  the  p y r ro le  im ino  
hydrogen atom s. and o f  th e  te rm in a l la c tam  system s e x h ib i t  a 
s l ig h t  d o w n fie ld  s h i f t  o f 2 and Ippm re s p e c t iv e ly  due to  hydrogen 
bonding w ith  the  OH group o f  the  c a rb o x y lic  a c id  g roups . These 
in t ra m o le c u la r  hydrogen bond ing e ffe c ts  a re  noted to  a le s s e r  e x te n t 
in  o th e r  carbon s h i f t s ,  e .g .  th e  K  (C^^, and ^  (C^^, 0^^)
carbons o f the  c a rb o x y lic  a c id  group show a s l ig h t  u p f ie ld  s h i f t  o f  2 
and Ippm re s p e c t iv e ly .  O ther s l ig h t  chem ica l s h i f t  changes may be due 
to  d if fe re n c e s  in  o r ie n ta t io n  and s t e r ic  e f fe c ts  in  s o lu tio n  and s o l id  
s ta te ,  e .g . in  th e  s o l id  s ta te  a r id g e  t i l e  and i n  DMSO a more open 
s t r u c tu re  due to  s o lv a t io n  e f f e c t s .
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Table ^
Comparison o f Chemical S h i f t s  in  S o lu t io n  and S o l id  S ta te . 
Assignm ents r e fe r  to  F ig u re  13.
S o lu t io n  S ta te  S o l id  S ta te  Assignm ent




19.3 18.4 24, 31
23.7 21.3 10














































±o_ th e High 
A f f i n i t y  S ite  o f Bovine Serum A lbum in
13In  an a tte m p t to  s tudy any changes in  C chem ica l s h i f t s  due to  
th e  in te r a c t io n  o f b i l i r u b in  a t  the  h ig h  a f f i n i t y  s i t e  o f BSA a CPMAS 
spectrum  (w ith  enhanced r e s o lu t io n )  was reco rded  o f  BSA (F ig u re  15 and 
Table  5 ) .
Tablâ-Jl
11A l l  C assignm ents a re  made r e la t i v e  to  e x te rn a l TMS,
^^C S o l id  S ta te  NMH 
A lbum in o n ly  A lb u m in - B i l ir u b in
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IQAn enhanced r e s o lu t io n  CPMAS mode C NMR spectrum  was reco rded
o f  a sample c o n ta in in g  a 0 .38  mole r a t io  o f b i l i r u b in  to  BSA (F ig u re
16 and Table  5 ) .  U n fo r tu n a te ly  to  ensure the  b i l i r u b in  i s  b in d in g  to
th e  h ig h  a f f i n i t y  s i t e  t h i s  lov? mole r a t io  was used, t h i s  r e s u lte d  in  
13th e  C s o l id  s ta te  NMR spectrum  be ing  dom inated by th e  resonances
a r is in g  from  BSA, However, com paring th e  chem ica l s h i f t s  o f  unbound
and bound a lbum in  shows d e f in i t e  changes o f  c e r ta in  chem ica l s h i f t s  o f
s a tu ra te d  ca rbons. The r e s o lu t io n  o f  the  spectrum  o f bound a lbum in
(see F ig u re s  15 and 16) i s  le s s  w e l l  d e fin e d  and l in e w id th s  a re  in
some oases b roader in d ic a t in g  a decrease in  c r y s t a l l i n i t y  and thu s
13b in d in g .  T h is  p re lim in a ry  G s o l id  s ta te  s tudy o f th e  b in d in g  o f
b i l i r u b in  to  BSA in d ic a te s  th a t  in  o rd e r to  s tudy the  in te r a c t io n  a t
th e  h ig h  a f f i n i t y  s i t e  a la b e l le d  sp e c ie s  o f  b i l i r u b in  i s  re q u ire d  to
s tudy d i r e c t  changes in  th e  b i l i r u b in  s t ru c tu re  due to  b in d in g . The 
13tech n iq ue  o f C s o l id  s ta te  NMR u s in g  d e u te ra te d  b i l i r u b in  in  a CPMAS
13mode w ou ld  g iv e  b e t te r  re s o lv e d  C NMR s p e c tra  due to  enhanced c ro ss  
p o la r is a t io n .
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C h a p te r 7
PRœ LEMS ASSOCIATED WITH THE DIAZO METHOD
OF BILIRUBIN ASSAY
+  H+  ArN NnAr
Scheme 1
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7 .1  r;TRQ[UCT:DN
As d iscussed  in  Chapter 5 the  most commonly used tech n iq ue s  f o r  
b i l i r u b in  assay a re  those based on van den B e rg h 's  d ia s o -c o u p lin g  
method, v iz  th e  re a c t io n  between b i l i r u b in  and an excess o f  a re n e d ia - 
zonium io n , p -d iasobenzene s u lp h a n ilio  a c id .  There have been many 4
(1^7 )m o d if ic a t io n s  to  th e  o r ig in a l  te s t ,  e .g . v a r io u s  a ren ed iazo n ium |
s a l t s ,  pH changes, and "a c c e le ra to rs "  (d iscu sse d  in  th e  p roceed ing  
C h a p te r). Of a3.1 o f th e  m o d if ic a t io n s  c a r r ie d  o u t one o f th e  major 
f a c to r s  in f lu e n c in g  th e  ra te  o f th e  d ia zo  c o u p lin g  re a c t io n  w ith  
b i l i r u b in  i s  pH. Land is  and Pardue^^*^^ have s tu d ie d  th e  k in e t ic s  o f 
th e  van den Bergii t e s t  and i t  has been g e n e ra lly  agreed th a t  the  
re a c t io n  proceeds in  two f i r s t  o rd e r s teps In  th e  presence o f an 
excess o f p -d iazobenzene s u lp h a n il io  a c id  (see Scheme 1 ). The re a c ­
t io n  is  f i r s t  order in  the re a c t io n  p ro d u c t, and i s  independent o f th e  
i n i t i a l  b i l i r u b in  concentration. P rev ious  w ork^^^^ c a r r ie d  o u t in  
t h i s  department has shown t h a t  in  the r e a c t io n  o f  dipyrrylm ethane w ith  
a renediazonium  io n , a p ro to n  very r a p id ly  c le a ve s  th e  methylene 
b r id g e , and the  m ethylene group fo rm s  fo rm a ldehyde. With b i l i r u b in ,  
the analogous re a c tio n  re leases two oxyd ipyrrom ethene  fragments, which 
the n  undergo a s lo w e r re a c t io n  w ith  arenediazonium io n s . Land is  and 
Pardue have s tu d ie d  the k in e t ic s  o f  the re a c t io n  in  d i f f e r e n t  pH 
s o lu t io n s  (pH 4 -1 2 ) o f  b i l i r u b in  w h ile  keeping th e  arenediazonium io n  
i n  a s t ro n g ly  a c id ic  medium. They found t h a t  the le a s t  p ro to n a te d  
b i l i r u b in  species was the  most re a c tiv e  and th a t th e  most h ig h ly  
protonated species th e  le a s t  re a c tiv e . However, t h i s  appears t o  be 
due to  the  s o lu b il i ty  p r o f i le  of b i l i r u b in  a t  these d if fe r e n t  pH.
They rep o rt problems o f p r e c ip i ta t io n  and data  below pH 5 are  only  
e s tim a te s  f o r  con jug a te d  b i l ir u b in .  T h e re fo re , in  an a tte m p t to  in ­
v e s tig a te  the  e f fe c t  o f pH on the  diazo c o u p lin g  re a c tio n  o f d i f f e r -
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e n t a renediazon ium  io n s , a s im p le  p y r ro le  m odel, 2 ,5 -d im e th y lp y r ro le ,
was used in s te a d  o f  b i l i r u b in .  From t h is  p re sen t s tudy u s in g
p-d iazobenzene s u lp h a n j, l ic  a c id  te t r a f lu o r o b o r a te  s a l t  i t  was noted
th a t  a t  h ig h e r  pH a s o lu t io n  o f t h i s  s a l t  re a c te d  r a p id ly ,  even in  th e
absence o f p y r ro le ,  to  produce a co lo u re d  p ro d u c t. U sing u v ~ v is ib le  
15spectroscopy and N NMR t h i s  appa ren t s e lf - c o u p l in g  re a c t io n  was in ­
v e s t ig a te d  and i t s  p o te n t ia l  in te r fe re n c e  w ith  b i l i r u b i n  d ia zo  coup-
15l in g  assessed. Using N NMR a s tudy was c a r r ie d  o u t to  in v e s t ig a te  
th e  s te re o c h e m is try  o f th e  doub le  bond o f  th e  a z o d ip y r ro le  form ed in  
th e  azo c o u p lin g  re a c t io n  (see Scheme 1 ).
In  re c e n t y e a rs  th e  demand f o r  a ra p id  and co n ve n ie n t sp o t te s t
f o r  b i l i r u b in  assay has le a d  th e  Eastman-Kodak Company to  deve lop  a
( 11 13 )d ia z o  based d ry  fi_ lm  f o r  t o t a l  b i l i r u b in  assay. The d iazonium
s a l t  used i s  4 - N -carboxym ethy 1 s u lp h o n y l benzediazordum h e x a f lu o ro -  
phosphate (see F ig u re  1 ) .  T iiis  i s  re q u ire d  as a s o lu b i l is e d  fo rm  o f
HOgCCHgNHSOg— Ng^PFg"
F ig u re  1 4 -M -C a rb o x y m e th y ls jlp h o n y l benzed iazon ium  h exa flu o rop h osp h a te
d iazonium  io n  w h ich  can be p la te d  o n to  a m u l t i la y e r  f i lm ,  and can 
coup le  w ith  b i l i r u b in  to  produce an a z o b i l i r u b in  (see Scheme 1) on th e  
su rfa ce  w h ich  can be q u a n t i t a t iv e ly  d e te c te d  by v is ib le  s p e c tro so p y .
In  t h i s  p resen t w ork a p re lim in a ry  study was c a r r ie d  ou t to  in v e s ­
t ig a t e  an a l t e r n a t iv e  to  th e  d iazon ium  h e xa flu o rop h osp h a te  s a l t  and 
th u s  a v o id in g  th e  use o f u n s ta b le  d iazon ium  s a l t s .
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7 .2  EXPERIMENTAL
7 .2 .1  KINETIC STUDIES INVESTIGATING THE EFFECT OF pH ON THE RATE 
OF REACTION OF 2.5-DIMËTHYLPYHR0LE WITH ARËNEDIAZONIUM IONS
M a te r ia ls
2 ,5 -D im e th y lp y r ro le  was purchased from  A ld r ic h  and r e d i s t i l l e d  
and k e p t under n it ro g e n  p r io r  to  use. p -M e th o x y a n ilin e , p - n i t r o -  
a n i l in e  and s u lp h a n i l io  a c id  were purchased f r o n  BDH and r e c r y s t a l l -  ;
is e d  o r  r e d i s t i l l e d  as a p p ro p r ia te  b e fo re  use. The benzened iazon iim  
te t r a f lu o r o b o r a te  s a l t s  o f s u lp h a n i l io  a c id , p -m e th o x y a n ilin e , and 
p - n i t r o a n i l in e  were p repared  by th e  method o f S ta rk y .^ ^ ^ ^  For compar­
is o n  o f th e  k in e t ic  r e a c t io n  p ro d u c ts , a n a ly t ic a l ly  pure  samples o f 
mono-az 0- 2 , 5-d im e th y  Ip y r  r o le s  w ere p repared by th e  use o f d ic y c lo -  
h e x y l-1 8 -c ro v in -6 -e th e r  as a phase t r a n s fe r  c a ta ly s t .  ^
S o lu t io n s  o f bo th  2 ,5 -d im e th y lp y r ro le  and arened iazon ium  t e t r a ­
f lu o ro b o ra te  were p repared  in  a s o lv e n t system o f 75% aqueous b u f fe r  
and 25$ r e d i s t i l l e d  a c e t o n i t r i le .  T h is  s o lv e n t system was p repared  a t  
v a r io u s  pH’ s by a d d it io n  o f a c e t o n i t r i le  to  v a r io u s  pH b u f fe rs .  The
pH was th e n  rem easured. S o lu t io n s  o f 2 ,5 -d im e th y lp y r ro le  were 
—4 —35 X 10 mol dm . B o th  d ia z o n iiM  and p y r ro le  s o lu t io n s  were p ro te c te d  
from  l i g h t  a t  a l. l t im e s , and k e p t coo l p r io r  to  use.
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In e tru m en ta  t i  on
A H i-Tech  SF-3L s to p p e d -flo w  sp ec tro p ho to m e te r and SF-40C 
p h o to m u l t ip l ie r j  D ata-Lab DL 901 t r a n s ie n t  re c o rd e r ,  and a DT V 12-14 
F a rn e l l  o s c il lo s c o p e  w ere used f o r  th e  k in e t ic  s tu d ie s  o f th e  re a c t io n  
o f  2 ,5 -d im e th y lp y r ro le  w ith  d iazon ium  te t r a f lu o r o b o r a te  s a l t s  o f 
p-NO^CgH^N^’*' and p-SOgOHC^H^^Ng"*". An SP 8-100 u v - v is ib le  s p e c tro ­
pho tom eter was employed to  s tudy  th e  re a c t io n  o f  2 ,5 -d im e th y lp y r ro le  
and p-MeOC^H^Ng*. Data a c q u is i t io n  and p ro ce ss in g  was c a r r ie d  o u t by 
an Apple I I  p lu s  m icrocom pu te r u s in g  a H i-Tech  system s o ftw a re  k in ­
e t ic s  package. Rate c o n s ta n ts  w ere c a lc u la te d  by a com puter program 
u s in g  th e  K ezdy^^^^-S w inbourne^^^^ method. The re a c t io n s  were a l l  
f i r s t  o rd e r in  th e  appearance o f p ro d u c t; m o n o -a zo p y rro le .
The re a c t io n s  were m o n ito red  a t  425nm, and a t  25^C, In  th e  case 
o f th e  s to p p e d -flo w  sp e c tro p h o to m e te r a s o lu t io n  o f  p y r ro le  was p laced 
in  one arm and th e  d iazon ium  io n  in  th e  o th e r ,  th e  a b s o rp tio n  a t  425nm 
be ing  measured upon m ix in g . For each observed ra te  co n s ta n t a t  le a s t  
s ix  ru n s  were c a r r ie d  ou t where they a l l  gave c o n s is te n t  r e s u l t s ,  and 
th e  observed ra te  c o n s ta n ts  a re  an average o f these  ru n s .
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7 .2 .2  BENZSNEDIAZOXniM ION REACTIVITY
U V -V ls .ib le  S pectroscopy S tu d ies
For these o p t ic a l s tu d ie s  an SP 8-100 u v - v is ib le  s p e c tre -  
photom eter was employed. The d ia z o t is e d  p -s u L p h a n ilic  a c id  t e t r a ­
f lu o ro b o ra te  was p repared  by th e  method o f S ta rk y .^ ^  S o lu t io n s  o f 
d ia zo n itm  s a l t  were 0.02m ol dm"^ and s p e c tra  were reco rded  a t  25^C.
u16 15N NMR Spectroscopy S tu d ie s  of N-Lab e lle d
D- S 0 _ O H C ^ H i n  V a rio u s  oH B u ffers
15 0A l l  N NMR s p e c tra  were reco rded  in  th e  FT mode a t  25 C on a
B ru k e r WH-360 sp e c tro m e te r by th e  S .E ,R ,C . NMR S e rv ice  a t  th e
U n iv e rs ity  o f E d inbu rgh . The s p e c tra  were reco rded  a t  36.5MHz
r e la t iv e  to  CH^NO^ as th e  extern a l re fe re n c e , w ith  s p e c tra l w id th s  o f
15151Hz, and a p i ls e  de lay  o f 0 ,35s  between pu lses  o f 4 seconds.
15N-Lab e l le d  d ia z o t is e d  s u lp h a n ilio  a c id  te t r a f lu o r o b o r a te  s a l t
(14) 15was prepared by the  method o f Stari<y u s in g  98$ sodium n i t r i t e -  N
(Cum brian G ases). S o lu t io n s  o f  N - la b e lle d  d iazonium  s a l t  w ere
t y p ic a l l y  o f a c o n c e n tra t io n  o f 0,054m ol dm*”^ in  phosphate b u f fe rs  
15(10$D ^0). N-Lab e lled  a z o b i l i r u b in  was p repared  by th e  method o f
(18) 15Kuenzle u s in g  90$ Na NOg. The pheny lazob il1rub ln  spectrum  was
reco rded  i n  c h lo ro fo rm -d  a t  a c o n c e n tra t io n  o f 0.054m ol
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7 .2 .3  THE DEVELOPMENT OF A NEW DIAZO REffiENT FOR USB 
IN MULTILAYER FILM ASSAY OF BILIRUBIN
M a te r ia l s
A l l  th e  h e te ro c y c l ic  d ia zo  compounds used in  t h i s  s tudy were 
k in d ly  donated by P ro fe s s o r The Lo rd  Tedder.
CH
4- ArNCH
K  (pyrrole basicity) = 0.195 I mol
Scheme 2
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7 .3  RESULTS AND DISCUSSION
7 .3 .1  KINETIC STUDIES .mVEST3DATING THE EFFECT OF pH ON THE RATE OF 
THE REACTION OF 2 .5-DIMEIHYLPYRROLE WITH ARENEDIAZONIIIM IONS
In  t h i s  p re sen t s tudy when th e  pH o f bo th  th e  van den B e rg h ^^^ '^ ^ ^  
(21 )t e s t  and E v e ly n -N b llo y  method was m o n ito re d  u s in g  human serum th e  
r e s u l t in g  m ix tu re s  w ere found  to  be pH ~ 3 .  C a rry in g  o u t a k in e t ic  
s tudy  o f the  re a c t io n  a t  pH ^  3 i s  co m p lica te d  by th e  fa c t  t h a t  b i l i ­
ru b in  r e a d i ly  p r e c ip i ta te s  ou t o f s o lu t io n  a t  th a t  pH v a lu e . Prev­
io u s ly ,  in  an a tte m p t to  s tudy th e  k in e t ic s  o f  azo c o u p lin g , s im p le  
p y rro le s ^ ^ ^ ^  and d ypyrry lm e tha n es^^^^  were employed in  th e  re a c t io n  
w ith  arenediazoni-urn io n s  in  s t ro n g ly  a c id ic  c o n d it io n s .  The e f f e c t  o f 
*pH on th e  ra te  o f th e  re a c t io n  has n o t been s tu d ie d . In  t h i s  p re se n t 
w ork th e  e f fe c t  o f pH on th e  ra te  o f th e  re a c t io n  between 2 ,5 - d i ­
m e th y lp y r ro le  and th re e  a rened iazon ium  io n s  was in v e s t ig a te d .
In  the  re a c t io n  o f p y r ro le s  w ith  arend iazon ium  io n s  th e  p y r ro le
r e a d i ly  undergoes an e le c t r o p h i l i c  s u b s t i t u t io n  and under a c id  o r
n e u tra l c o n d it io n s  th e  p ro d u c t i s  an in te n s e ly  co lo u re d  m onoazopyrro le
(see Scheme 2 ) .  In  th e  case o f 2 ,5 -d im e th y lp y r ro le  th e  azo c o u p lin g
o ccu rs  a t  the  ^ p o s i t io n  s in ce  th e  C( i s  b lo cked . The re a c t io n
( 22)mechanism has p re v io u s ly  been e s ta b lis h e d  in  a c id  c o n d it io n s  and 
was found to  be f i r s t  o rd e r in  th e  appearance o f p ro d u c t, and w ith  a 
excess o f arenediazoni.urn io n , th e  ra te  was found  to  be independent o f 
th e  i n i t i a l  p y r ro le  c o n c e n tra t io n . The a c tu a l azo c o u p lin g  i s  an 
e q u il ib r iu m  p rocess (see Scheme 2 ) .  The re a c t io n  i s  q u i te  unusual in
F ig u re  2 V a r ia t io n  o f  w ith  c o n c e n tra t io n  o f  p-NO^C^H^Ng in  th e
d ia zo  c o u p lin g  re a c t io n  w ith  2 ,5 -d im e th y lp y r ro le  a t  25°C and v a r io u s
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t h a t  in  an a lre a d y  h ig h ly  a c id ic  env ironm ent one o f th e  p ro d u c ts  o f
th e  re a c t io n  i s  th e  hydrogen io n  (H ^ ). I t  has been e s ta b lis h e d  by 
( 22 )p re v io u s  w o rke rs  t h a t  th e  e x p e r im e n ta lly  observed r a te  c o n s ta n t, 
kobg> i s  g iv e n  by
I f  k^bs i s  p lo t te d  a g a in s t [A rN ^**], i . e .  th e  d iazon ium  io n  con­
c e n t ra t io n ,  the  in te r c e p t  o f th e  y - a x is  i s  equal to  (k  . The— I
term  [H"*"] was ta ke n  to  be th e  m o la r i ty  o f th e  io n s  p re sen t a t  each 
pH. The b a s i c i t y , / ( ,  o f  2 ,5 -d im e th y lp y r ro le  i s  0 .1 9 5 l”  ^ m o l~ \  
o b ta in e d  from  Chiang and W h ip p le . ' I n i t i a l l y  th e  k in e t ic s  o f  th e
2 ,5 -d im e th y lp y r ro le  w ith  p -n itro b e n z e n e  d iazonium  te t r a f lu o ro b o ra te  a t  
v a r io u s  pH v a lu e s  was s tu d ie d  and k^b^ p lo t te d  a g a in s t [ArH^** ] and th e  
s lope  o f th e  l i n e ,  k ^ , and k_^ were c a lc u la te d  (see F ig u re  2 ) .  Under 
s im i la r  c o n d it io n s  th e  re a c t io n  o f 2 ,5 -d im e th y lp y r ro le  and p-MeO- 
CgHyNg^ and p-SOgOHC^H^Ng* were th e n  in v e s t ig a te d  and k.j and k ^
c a l.c ilia te d  f o r  b o th . The v a lu e s  o f  k . and k . o a lc u la te d  a re  shown in
1 - I
Table 1.
T ab le  1
Data f o r  th e  re a c t io n s  o f 2 -5 -d im e th y lp y r ro le  (5 ,4  x 10" mol dm” *^ )
w ith  p-X^HyNg* io n s  (0 .02m ol dm"”^ )  a t  v a r io u s  pH v a lu e s  a t  25^C. A l l
— 1 — 1v a lu e s  o f k . and k . a re  quo ted  as 1 mol s”  .I “  I
pH NOg 80 OH MeO
1.11 505 135 142 0 0 .318  0
1 .4  107 0
3 .4  412 1800 0 .44  0
5 .9  3 .09  2100 0 .7  0
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In  th e  case o f th e  re a c t io n  o f p-SO^OH benzenediazoniuai t e t r a ­
f lu o ro b o ra te  and 2 ,5 -d im e th y lp y r ro le  a t  pH è  3 th e  d iazon ium  s a l t  
s o lu t io n  darkened r a p id ly  and w ou ld  n o t re a c t to  any s ig n i f ic a n t  
degree w ith  th e  p y r ro le .  T lie re fo re , r e s u l t s  co u ld  n o t be ob ta in ed  
from  k in e t ic  s tu d ie s  a t  h ig h e r  pH v a lu e s . T h is  ra p id  c o lo u ra t io n  a t  
pH ^  3 was in v e s t ig a te d  f u r t h e r  in  s e c t io n  7 .3 .2 .  Fran th e  e s ta b ­
l is h e d  re a c t io n  (Scheme 2) in  s t ro n g ly  a c id ic  c o n d it io n s  i t  i s  
appa ren t th a t  and k_^ sh ou ld  be independent o f [K**'], i . e .  pH. 
Whereas from  these r e s u l t s  in  th e  case o f p-NOgC^H^^Ng^ as pH inc reased  
th e re  was a decrease in  and a v a s t in c re a s e  in  k ^ . T h is  tre n d  i s  
a ls o  r e f le c te d  i n  th e  decrease o f k^ in  th e  re a c t io n  o f  p y r ro le  and 
p-SOgOHC^Hj^Ng'*'. Whereas w ith  p-MeOCgH^N^"^ k ,  in c re a s e d  as pH was 
in c re a s e d  (see Table  1 ) .  These r e s i l t s  a re  d i . f f i c u l t  to  e x p la in  in  
te rm s o f re a c t io n  Schene 2 , they must in  f a c t  be due to  c o v a le n t 
in te r a c t io n s  a t  h ig h e r  pH o f b o th  p-NOgC^Hj^Hg"^' and p-SO^OHCgH^jN^'^ w ith  
th e  a n ion  o f th e  b u f fe r  caus ing  a ra te  decrease in  th e  c o u p lin g  
re a c t io n  to  p y r ro le .  W ith  p-MeOC^H^^N^"^ in s te a d  th e re  i s  an in c re a s e
in  k ^ , t h i s  may be due to  s a l t  e f f e c t s  on th e  re a c t io n  and w i l l  have 
to  be cons ide re d  f u r t h e r .
I t  i s  appa ren t from  t h i s  s e t o f e xpe rim en ts  t h a t  a lth o u g h  in  
s t ro n g ly  a c id ic  c o n d it io n s  p y r ro le s  undergo s t ra ig h t fo n - ja rd  c o u p lin g  
re a c t io n s  w ith  a rened iazon ium  io n s , a t  a more r e a l i s t i c  van den Bergh 
te s t  pH ( ^ 3 )  th e  d iazon ium  io n  i t s e l f  i s  s u b je c te d  to  o th e r  e f fe c ts ,  
e .g . c o v a le n t and s a l t  in te r a c t io n s  th a t  may in t e r f e r e  w ith  the  azo 
c o u p lin g  to  p y r ro le ,  o r indeed  b i l i r u b in ,  lliese . c o m p lic a tio n s  in ­
vo lv e d  w ith  d iazon ium  io n  c o u p lin g  a re  a ls o  v a l id  f o r  b i l i r u b in  d iazo
assay which i s  c a r r ie d  ou t r o u t in e ly  to d a y , and may be one o f th e
fa c to r s  caus ing  in c o n s is te n t  q u a n t i ta t iv e  r e s u l t s  i n  b i l i r u b in  assay.
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As noted  in  th e  re a c t io n  o f 2 ,5 -d im e th y lp y r ro le  and p -d ia z o -  
benzene s u lp h a n il io  a c id  te t r a f lu o r o b o r a te  s a l t  a t  pH ^  3 th e  ben- 
zenediazonium  te t r a f lu o r o b o r a te  s o lu t io n  tends  to  darken  and d id  n o t 
e f f e c t iv e ly  re a c t w ith  th e  p y r ro le .  M o d if ie d  van den Bergh methods 
use benzenediazonium  io n s  a t  h ig h  p H . H e n c e ,  t h is  appa ren t ben­
zene d iazon ium  te t r a f lu o r o b o r a te  s e lf - c o u p l in g  can s e r io u s ly  h in d e r any
c o lo u r im e tr ic  p rocedu re  f o r  b i l i r u b in  assay. To t h i s  end, i n i t i a l
15u v - v is ib le  spec troscopy  and N NMR spec troscopy  s tu d ie s  were c a r r ie d  
o u t to  in v e s t ig a te  t h i s  ra p id  c o lo u ra t io n  a t  h ig h  pH (z>  3 ) .
H V -V ls ib le  Spectroscopy S tu d ie s
S o lu t io n s  o f p -d iazobenzene s u lp h a n i l io  a c id  te t r a f lu o r o b o r a te  
s a l t  a t  v a r io u s  pH were l e f t  f o r  a s h o r t  p e r io d  to  re a c t and t h e i r  
u v - v is ib le  a b s o rp tio n s  a re  shown in  Table  2 .
Table  2
pH uv a b s o rp t io n  bands (nm)
1.3 302 255
il.O  355 310
7 .4  355 265 204
HQQgS—^  y — N = ^
0
\ 0 . 0 - 1 0 0 . 0
,F.l g.u r-e.g .3 .a.. 3t> NMR spectrum  o f  s in g ly  ^ ^N ~ la b e lle d  p-SO^OH-
^^6^4^2^ phosphate b u f fe r  pH 4 .0  (3a) and pH 7 .2  (3 b ) .
- 2 0 0 . 0
P P (V |
-3 0 0 . 0
HO O2 S—( N-—^N=N H J ^ S O ^ O H
0 . 0 100 .0PPM - 2 0 0 . 0
-3 0 0 . 0
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At pH 1.3 two un sym m etrica], sharp  a b s o rp tio n  bands (302 and
355nm) were observed. I t  has been re p o r te d  th a t  benzenediazonium
te t r a f lu o r o b o r a te  s a l t s  i n  a c e t o n i t r i le  absorb a t  261 and 296nm ^^^',
bu t f o r  a para  s u b s t i tu te d  sp e c ie s  a s in g le  band i s  observed in  th e
range 260-380nm. A t pH 4 .0  a broad band was observed a t  355nm and a
sharp sym m etrica l a b s o rp tio n  a t  310nm. When th e  pH was 7 .4  th re e
a b s o rp tio n  bands became a p p a re n t, 355nm (b ro a d ), 265nm (sh a rp  and
s y m m e tr ic a l) ,  and 204nm (s h a rp ) .  I t  has been re p o r te d  th a t  t r l -  
(25)azenes e x h ib i t  th re e  a b s o rp tio n  bands in  th e  re g io n s  230-240nm, 
280-300nra, and 340~360nm. From these  u v - v is ib le  s p e c tra l s tu d ie s  
a lone  no d e f in i t e  c o n c lu s io n s  can be made as to  th e  spec ies  produced 
a t  d i f f e r e n t  pH v a lu e s .
When th e  NMR spectrum  o f s in g ly  ^ ^ N - la b e lle d  SO^OHCgHyNg* 
in  b u f fe r  (pH 1 .39 ) was re co rd e d , a s in g le  "^^N resonance was 
observed a t  E = -66.86ppm  (see F ig u re  3 a ) . T h is  resonance i s  cha r­
a c t e r i s t i c  o f  th e  N(2) o f  th e  d ia z o n j.m  io n  sp e c ie s . A t pH 4 .0  the
15 15N NMR spectrum  o f th e  d ia zo n iu a  io n  a g a in  o n ly  gave a N resonance
a t  & = -66.86ppffl, However, a t  pH 7 .2  ^^N NÎ4R spectrum  gave two
resonances a t  +61.43 and -  -66.35ppm . Tiie re so n a n ce -a t ~
~66.36ppm a r is e s  frco i u n reac ted  d iazonium  io n , b u t th e  new resonance
a t  S -  +6l.43ppm  is  c h a r a c te r is t ic  o f  th e  c e n tra l n it ro g e n  atom o f a 
(26 27)t r ia z e n e  ’ ' (see F ig u re  3 b ) . T h e re fo re , when th e  pH o f the  
s o lu t io n  c o n ta in in g  th e  benzenediazonium  te t r a f lu o r o b o r a te  i s  ra is e d
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15t o  pH 7 .2  some tr ia z e n e  i s  d e te c te d  by N Nt® sp e c tro sco p y . T h is
t r ia z e n e  cou ld  be th e  r e s u l t  o f th e  re a c t io n  o f th e  d iazonium  io n  w ith
s u lp h a n i l io  a c id  from  e i t h e r  o f two sources ;»
( i )  s u lp h a n i l io  a c id  c o n ta m in a tin g  th e  sample from  i t s  p re p a ra t io n ,
w h ich  a t  pH 7 .2  becomes d ep ro ton a ted  and th e re fo re  re a c t iv e ,  o r 
( i i )  f r e e  s u lp h a n il io  a c id  amine co u ld  be th e  r e s u l t  o f  th e  re v e rs a l 
o f  th e  d ia z o t is a t io n  re a c t io n ,  i . e .
ArNg* + HgO ArNHg + HNO^  + H"*"
However, on a n a ly s is ,  th e  spectrum  o b ta in e d  a t  pH 7 .2  in d ic a te s  
th e  d ia z o t is a t io n  i s  n o t r e v e r s ib le  under these s p e c i f ic  e xp e rim e n ta l 
c o n d it io n s  s ince  th e  peak a t  = -66.86ppm d id  n o t co m p le te ly  d is ­
appear. T h e re fo re , th e  amine re q u ire d  f o r  t r ia z e n e  fo rm a tio n  must in  
f a c t  be a s u lp h a n i l io  a c id  con tam inan t in  th e  p re p a ra t io n  o f th e  
d iazon ium  te t r a f lu o r o b o r a te  s a l t .  In  b i l i r u b in  assay th e  fo rm a tio n  o f 
th e  t r ia z e n e  as 1cm as pH 7 co u ld  in  c o lo u r im e tr ic  a n a ly s is  le a d  to  
sp u r io u s  r e s u lts ,  u n le ss  th e  pH i s  ke p t low  ( 3 ) ,  o r  th e  absence o f
unreao ted  amine i s  c e r ta in .
15These N NîiR s tu d ie s  a ls o  h e lp  c la r i f y  p re v io u s  re p o r ts  in  the  
(28 -34)l i t e r a t u r e  o f th e  fo rm a tio n  o f a s p iro  va le nce  isom er o f ben­
zenediazonium  io n s  w h ich  r e s u l t s  in  sc ra m b lin g  o f  th e  N(1) and N(2)
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( ? 8"»  ^0 )Z o l l in g e r  and h is  co -w o rke rs  have re p o r te d , from  a s e r ie s
o f  e xpe rim en ts , evidence o f  n it ro g e n  sc ra m b lin g  d u r in g  d e d ia z o t is -
(31)a t io n .  P re v io u s ly , In s o le  and Lew is  frcxn la b e l l in g  e xpe rim en ts ,
and u s in g  mass sp ec tro m e try  a n a ly s is  o f  th e  n it ro g e n  evo lved  a f t e r  th e  
re a c t io n  w ith  a z id e , found  evidence  o f n it ro g e n  rea rrangem ent accom­
panying  deco m p o s ition  o f benzenediazonium  io n s . Hotvever, u s in g  nuc-
1 15le a r  s p in -s p in  in t e r a c t io n  between H and N a f t e r  c o u p lin g  w ith
(32)e th y l  a c e to a c e ta te , Bose and Kugajevsky co u ld  n o t c o n firm  n it ro g e n
(33)s c ra m b lin g . Hcffwever, Lew is and K o tch e r u s in g  th e  same NMR te c h ­
n iq ue s  as Bose and Kugajevsky re a ff irm e d  t h e i r  e a r l ie r  o b s e rv a tio n s .
15In  th e  p re sen t s tudy th e  use o f  N is o to p ic  la b e l l in g  o f  th e  ben­
zenediazonium  s a l t  gave a s e n s i t i v i t y  such th a t  a 1^ rearrangem ent
15c o u ld  have been d e te c te d  by th e  te ch n iq u e  o f N NMR sp e c tro sco p y .
N e ve rth e le ss , no sc ra m b lin g  was observed in  th e  am ine-d iazon ium
c o u p lin g  to  fo rm  th e  t r ia z e n e .  These r e s u l t s  a re  c o n s is te n t  w ith  th e
(35)re c e n t w ork o f M its u h a s h i et. s tu d y in g  th e  mechanism o f th e
re a c t io n  o f 1 ,3 - d ia r y l t r ia z e n e s  w ith  te tra c y a n o e th y le n e .
In  th e  s o l id  s ta te ^ ^ ^ ^  benzenediazonj.um io n s  a re  e s s e n t ia l ly
l in e a r  and i t  i s  suggested th a t  t h is  va lence  isom er (see F ig u re  4) i s
(37)a r e la t i v e ly  h ig h  energy s ta te  from  M.0. c a lc u la t io n s .  T h e re fo re , 
absence o f n it ro g e n  rea rrangem ent i s  c o n s is te n t w ith  t h i s  d a ta .
.-J
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BUgure 5 N NMR spectrum  o f N - la b e lle d  a z o b i l i r u b in
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15 N__NHR Study o f th e  S te re o ch e m is try
When b i l i r u b in  undergoes an azo c o u p lin g  re a c t io n  w ith  d ia z o t is e d
s u L p h a n ilic  a c id  th e  p ro du c t i s  azo*-oxyd ipy rrane th ene ; a z o b i l i r u b in
(see Scheme 1 ) . The c o n f ig u ra t io n  o f th e  a z o b i l i r u b in  a c ro ss  the
doub le  bond has as y e t  n o t been e s ta b lis h e d . Due to  s t e r ic  e f fe c ts  i t
seems l i k e l y  th a t  th e  azo double  bond adop ts  th e  a n t i  c o n f ig u ra t io n .
15To de te rm ine  the  a c tu a l c o n f ig u ra t io n ,  N - la b e lle d  a z o b i l i r u b in  was
15prepared  by the  re a c t io n  o f  ^ - la b e l le d  p h e n y ld ia z o n iim  c h lo r id e  and
15 15b i l i r u b in .  When, th e  K - la b e lle d  a z o b i l i r u b in  N NMR spectrum  was
15 rreco rded  i n  c h io ro fo rm -d  two N resonances were observed a t  4 =
-5 1 .9 8  and ^  = -52.97ppm (see F ig u re  5 ) .  These co rrespond  to  both
.SOI and a n t i  c o n fo rm a tio n a l isom ers o f a z o b i l i r u b in  r e s p e c t iv e ly ,  . Ir .
c h lo ro fo rm  the  syn ia n t i  r a t io  i s  1 :0 .8 ,  whereas in  aqueous s o lu t io n
15th e  in .  s i t u  c o u p lin g  o f  b i l i r u b in  and N - la b e lle d  d ia z o t is e d  
s u lp h a n i l io  a c id  te t r a f lu o r o b o r a te  o n ly  one ^^N resonance, 2 
-73.15ppm co rre sp o n d in g  to  a z o b i l i r u b in ,  i s  observed. T h e re fo re , in  a 
n o n -p o la r  env ironm en t, i . e .  c h lo ro fo rm  bo th  svn and a n t i  conform a­
t io n a l  isom ers a re  p re se n t to  an a p p ro x im a te ly  equal degree, whereas 
in  an aqueous env ironm ent o n ly  th e  a n t i  c o n fo rm a tio n  i s  fou n d . These 
d if fe re n c e s  must be due to  th e  s o lv a t io n  e f f e c t s  o f th e  w a te r mole­
c u le s  fa v o u r in g  th e  a n t i  c o n fo rm a tio n .
T ii is  w ork i s  s t i l l  f u r t h e r  evidence f o r  no n it ro g e n  sc ra m b lin g  c f  
th e  benzenediazonium  io n  in  th e  c o u p lin g  re a c t io n  w ith  b i l i r u b in .
T h is  i s  i n  c o n tra s t  to  th e  v ie w s  expressed by H egarty^^^^ th a t  
benzenediazonium  io n s  may undergo n it ro g e n  rea rrangem ent d u r in g  
re a c t io n .
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7 .3 .3  THE DEVELOPMENT OF A NEW DIAZO REAGENT FDR
USE IN MJLTIL.AYER FILM ASSAY OF BILIRUBIN
The Eastman-Kodak Research L a b o ra to r ie s  have re c e n t ly  deve loped a 
(11 13)diazo-based dry  f i lm  ' fo r  the  d e te rm in a tio n  o f to ta l  b i l i r u b in
( 12)i n  serum. When t h i s  f i lm  method f o r  b i l i r u b in  was e v a lu a te d  i t  
was found  to  have p re c is io n ,  r e 3 . la b i l i t y ,  and a ccu ra cy . I t  i s  thought 
to  be a v a l id  a l t e r n a t iv e  to  th e  w e t ch e m is try  methods o f Jen d rass ik -
/ o \ f P i  ^G ro f o r Evelyn-M hllqy assays f o r  t o t a l  b i l i r u b in .
T h is  m u l t i la y e r  f i lm  c o n s is ts  o f a tra n s p a re n t su p p o rt, ” E s ta r "  
base, a g e la t in  M ordant Laye r w h ich  c o n ta in s  pH 5 b u ffe re d  g e la t in ,  
and a p o ly m e ric  quaternary amine. The top la y e r  consists  o f th e  
m etering; or spreading la y e r , o f T r ito n  X-100 s u rfa c ta n t and dy- 
p h y l l in e  ( to  d is s o c ia te  the  b i l i r u b in  from  th e  serum a lb u m in ) , and the  
disj3onium s a l t ;  4 - (N-carbethokymethylsulphamyl)benzenediazonium hexa­
fluorophosphate (see p. 175 ). However, t h i s  new method s t i l l  r e l ie s  
on diazonium s a l t s  which a re  unstable and as noted from p re v io u s  
s e c tio n s  can g iv e  r is e  to  sp u r io u s  re s u lts  i n  c o u p lin g  re a c tio n s . 
Instead  of u s in g  diazonium s a l t s ,  in  th is  present work an i n i t i a l  
s tudy was c a rr ie d  o u t to  in v e s tig a te  the use o f h e te ro c y c l ic  diazo  
compounds, and eva luate  th e ir  a b i l i t y  to  azo coup le  w ith  2 ,5 - d i ­
m ethy lpyrro le , 3 , 3 ' , 4 , 4 '-te tra m e th y 1 -5 ,5 '-d io a rb o x y -2 ,2 * -d ip y r ry l-  
methane, and b i l i r u b in .
Ph N = N
Ph
3-d iazo -2 ,A ,5 -tripheny lpy rro le
"N=N Ph
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(Qo.40 )I t  has been e s ta b lis h e d  th a t  th e  d iazonium  io n  from
n it ro g e n  c o n ta in in g  h e te ro c y c le s  can be r e a d i ly  co nve rte d  by d e p ro t­
o n a tio n  in t o  a s ta b le  h e te ro c y c l ic  d ia zo  compound (see F ig u re  6 ) .  
F ron p re v io u s  s t u d i e s ^ t h e s e  compounds have been found  to  be 
re ta in e d  on th e  su rfa ce  o f paper, and hence co u ld  p o te n t ia l ly  a c t as 
an in d ic a to r  paper o r " d ip s t ic k " .
4- 4-
N =  N V yvN— N
H ' '  - f  X .  4 -  HX
F ig u re  6 D ia z o t is a t io n  re a c t io n  o f  h e te ro c y c l ic  n it ro g e n  compounds.
In  an i n i t i a l ,  s e t o f te s ts  th e  r e a c t i v i t y  o f a number o f h e te ro ­
c y c l ic  d ia zo  compounds (see F ig u re  7 ) w ith  an a c id i f ie d  s o lu t io n  o f
2 ,5 -d im e th y lp y r ro le  was c a r r ie d  o u t. The most s u cce ss fu l o f  th e  d ia zo  
compounds a t  azo c o u p lin g  w ith  2 ,5 -d im e th y lp y r ro le  was 3 -d ia z o -2 -  
p h e p y lin d o le . A deep b lood  red  s o lu t io n  was form ed w h ich  had a 
a t  512nm in  th e  v i s ib le  re g io n . The o th e r d ia zo  compounds d id  n o t to  
any s ig n i f ic a n t  degree azo coup le  to  th e  p y r ro le .
In  some cases o f h y p e rb il i ru b in a e m ia  le v e ls  o f b i l i r u b in  in  th e  
human serum a re  found  to  be as h ig h  as 2 .56 x 10~^mol dm*"^. To de­
te rm in e  w he ther 3 -d ia z o -2 -p h e n y lin d o le  can be s u c c e s s fu lly  in c o rp o r ­
a ted  o n to  a t e s t  paper and g iv e  a p o s i t iv e  te s t  f o r  b i l i r u b in ,  s t r ip s  
o f  f i l t e r  paper were d ipped in t o  an a c id ic  s o lu tio ,n  o f  3 -d ia z o -2 -  
p h e n y lin d o le  (4 x 10“  mol dm" ) and th e n  d r ie d .  When these  s t r ip s  
were d ipped in t o  an a c id i f ie d  s o lu t io n  o f 3 ,3 * ,4 ,4 '- te t r a m e th y l-  
5 ,5 '- d io a rb o x y - 2 ,2 ’ -d ip y rry lm e th a n e  (2 .64  x 10“ ^mol dm” ^ ) th e  paper
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tu rn e d  re d . However, more success was found  when th e  s t r ip s  were
-5d ipped  in t o  an a lk a l in e  s o lu t io n  o f b i l i r u b in  IX o c -z ,z  (3 .2  x 10 mol
dm*"^), when th e  paper tu rn e d  deep re d . T h e re fo re , a t  phya io lo g lcaJL ly
re le v a n t c o n c e n tra t io n s  o f b i l i r u b in  t h i s  method can r e a d i ly  d e te c t
b i l i r u b in  w ith o u t  a l l  o f  th e  inco nve n ien ce  o f th e  w e t c h a n is try  
(3 21 )methods. * Why 3 -d ia z o -2 -p h e n y lin d o le  i s  more s u cce ss fu l than  
o th e r  h e te ro c y c l ic  d ia z o  compounds te s te d  seems to  be due to  fa c to r s  
o f  s o lu b i l i t y  in  aqueous m edia and th e  s t a b i l i s in g  e f f e c t  o f e le c tro n  
d o n a tin g  s u b s t itu e n ts .  R e ce n tly  in  th e  d e p a r tm e n t^ ^  f u r t h e r  s tu d ie s  
have found  3 ~ d ia zo -4 ~ ca rb e th o xyp y ra zo le  to  be an e x c e l le n t  in  azo 
c o u p lin g  t o  N -m e th y lp y rro le . Yet when in  th e  p re se n t w ork 4 -d ia z o -
3 ,5 -d ip h e n y lp y ra z o le  was m ixed w ith  2 ,5 -d im e th y lp y r ro le  th e re  was no 
s ig n i f ic a n t  azo c o u p lin g . T h is  i s  f u r t h e r  p ro o f o f th e  re q u irem en t 
f o r  an e le c tro n  w ith d ra w in g  group to  d e s ta b i l is e  and a c t iv a te  the  
d ia z o  s u b s t itu e n t  in t o  an azo c o u p lin g  re a c t io n .  Id e a l ly ,  an e x c e l l ­
e n t h e te ro c y c l ic  d ia z o  compound f o r  th e  azo c o u p lin g  to  b i l i r u b in  
w ou ld  be 3"‘ d ia z o -4 -c y a n o p y ra z o le , o r 3 -d ia z o -4 -n it ra n e th y lp y ra x o le .  
These compounds co u ld  in deed  be v e ry  s u c c e s s fu l,  and r e a d i ly  
in c o rp o ra te d  in t o  fu tu r e  m u 2 .tila ye r d ry  f i lm s  making b i l i r u b in  assay 
more a c c u ra te , p re c is e , r e l ia b le ,  and most o f a l l  more c o n ve n ie n t.
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APPENDIX 1
C ap tions  f o r  Photographs
1. The N it ro p ru s s id e  Anion [F e (II) (C N )^N O ]^
2 . V ita m in
3 . 1:1 N it ro p ru s s id e ; Cobalamin Complex
4 . 1 :2  N itro p ru s s id e :C o b a la m in  Complex
5 . Space F i l l i n g  Model o f th e  1 :2  N itro p ru s s id e rC o b a la m in  Complex
6 . 1:1 H e x a c y a n o fe r ra te ( I I ) : Cobalamin Complex
7 . 1 :2  H e x a c y a n o fe r ra te d l)  : Cobalamin Complex
8 . Aquom ethylcobaloxim e
9 . Space F i l l i n g  Model o f Cobaloxime
10. 1:1 N it ro p ru s s id e : Cobaloxim e Complex
11. 1 :2  N it ro p ru s s id e : Cobaloxim e Complex
12. 1:1 H e x a c y a n o fe r ra te ( I I ) : Cobaloxim e Complex
13. Space F i l l i n g  Model o f  th e  1:1 H e x a c y a n o fe r ra te ( I I ) : Cobaloxime 
Complex
14. 1 :2  H e x a cya n o fe rra te ( I I ) : Cobaloxim e Complex
15. Space F i l l i n g  Model o f  th e  1 :2  H e x a c y a n o fe r ra te ( I I ) ; Cobaloxime 
Complex
16 and 17. Space F i l l i n g  Model o f th e  1 :2  N itrop ru ss id e :C o b aX a m ia  
Complex and L -C y s te in e
18. S tru c tu re  o f Human Haem oglobin
19. Haem M oie ty o f th e  Human Haemoglobin S u b u n it
20. B i l i r u b in  IX 04-Z ,z
21. The In tra m o le c u la r  Hydrogen Bonded S tru c tu re  o f B i l i r u b in  IX O <-z,z
22. Ridge T i le  S tru c tu re  o f B i l i r u b in  IXcsç-z,z in  th e  S o lid  S ta te .
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APPENDIX 2
1 . Xh biJCL. JAem i^ gLoM-jg
C om position
21 A la  A 1 G in  Q 18 Leu L 11 Ser S
3 Arg R 4 G lu  E 11 Lys K 9 Thr T
4 Asn N 7 G ly  G 2 Met M 1 Trp V/
8 Asp D 10 H is  H 7 Phe F 3 T y r Y
1 D/s C 0 l i e  I  7 Pro P 13 Val V
F b l. Wt. unmod. ch a in  = 15,126 
Number o f Residues = 141
5 10 15 20 25 30
1 V L S P A D K T N Y K A A W G K V G A H A G E Y G A E A L E
31 R M F L S F P T T K T Y F P H F D L S H G S A Q V K G H G K
61 K V A D A L T N A V A H V D D M P N A L S A L S D L K A H K
91 L R V D P V N F K L L S H C L L V T L A A H L P A E F T P A
121 V H A S L D K F L A S V S T V L T S K Y R
2 . Huimn__.p_ _Cha in Haemoglobin 
C om position
15 A la A 3 G in Q 8 Leu L 5 Ser S
3 Arg R 8 G lu E 11 Lys K 7 T hr T
6 Asn N 13 G ly G 1 Met M 2 Trp W
7 Asp D 9 H is H 8 Phe F 3 T yr Y
2 Cys C 0 I l e I 7 Pro P 18 Val V
Mol. Wt. unnod, ch a in  = 15,867
Numtc-r c f  Residues -  146
5 10 15 20 25 30
1 V H L T P S E K S A V T A L W G K V N 7 D E V G G E A L? G R
31 L. L V V Y P W T Q R F F S S F G D L S T P D A V M G N ? K V
61 K A H G K K V L G A F S D G L A H L D N L K G T F A T L S E
91 L H C D K L H V D P E N F R L L G N V L V C V L A H H F G K
121 E F T P P V Q A A Y Q K V V A G V A N A L A H K Y H
3. Bo v in e  O''. Chain Haemoglobin 
C om position
20 A la A 1 G in Q 20 Leu L 13 Ser S
3 Arg R 5 G lu E 11 Lys K 8 Thr T
3 Asn N 9 G ly G 1 N et N 1 Trp W
8 Asp D 10 H is  H 7 Phe F 3 Tyr Y
0 Cys C 0 l i e  I  6 Pro P 12 Val V
Mol. W t. unmod. ch a in  = 15,053 
Number o f Residues = 141
5 10 15 20 25 30
1 V L S A A D K G N V K A A W G K V G G H A A E Y G A E A L £
31 R M F L S F P T T K T Y F P(H.F)D I. S H G S Â Q V K G H G A
61 K V A A A L T K A V E (H .L . D.D)L P G A L S E L S D L H(A.,H)K
91 L H V D P V N F K L L.S  H S L L.V T L . A S H L P S D F T P A
121 V H. A S L D K F L A N V(S. T .V )L .T S K Y R
5 10 15 20 25 30
1 M K W V T F I S L L F L F S S A Y S R G V F R R D A H K S E
31 V A H R F K D L G E E N F K A L V L I A F A Q Y L Q Q 0 P F
61 E D H V K L V N E V T E F A K T C V A D E S A E N C D K s T,
91 H T L F G D K L C ï V A T L R E T Y G E M A D C C A K Q E P
121 E R N E C F L Q H K D D N P N L P R L V R P E V D V M C T A
151 F H D N E E T F L K K Y L Y E I A R R H P Y F Y A P E L L F
181 F A K R Y K A A F T E C C Q A A D K A A C L L P K L D E L R
211 D E G K A S S A K Q R L K C A S L Q K F G A R A F K A W A y
241 A R L S^Q R F P K A E F A E V S K L y T D L T K V H T E C c
271 H G D L L E C A D D R A D L A K Y I C E N Q D S I S S K L K
301 E C C E K P L L E K S H C I A E B E N D E M P A D L P S L A
331 A D F V E S K D V C K N Y Â E A K D V F L G M F L Y E Y A R
361 R H P D Y S V V L L L R L A K T Y E ï T L E K C C A A A D P
391 H E C Y A K V F D E F K P L V E E P Q N L I K Q M C E L ? K
421 Q L G E Y K F Q N A L L V R Y T K K V P Q V S T P T L V E y
451 S R N L G K V G 8 K C C K H P E A K R M P C A E D Y L S V V
481 L N Q L C y L H E K T P V S D R V T K C C T E S L V N R R F
511 C F S A L E V D E T Y V P K E F N A E T F T F H A D I C T L
541 S E K E R Q I K K Q T A L V E L V K H K P K A T K E Q L K A
571 V M D D F A A F E E K C C K A D D K E T C F A E E G K K L V
601 A A S Q A A L G L
6 . B ov ina  Serum Album in P re cu rso r 
Com position
47 A la  A 19 G in  Q 55 Leu L 32 Ser S
26 Arg R 59 G lu  E 60 Lys K 35 Thr T
12 Asn N 17 G ly  G 5 Met N 3 Trp W
39 Asp D 17 H is  H 30 Phe F 20 T y r Y
35 Cys C 15 I l e  I  28 Pro P 38 Val V
3 Asx B 1 G lx  Z
Mol, Wt. unmod. ch a in  = 69,161 
Number o f Residues = 606
5 10 15 20 25 30
1 N K W V T F I S L L L L F S S A Y S R G V F R R D T H K S E
31 I A H R F K D L G E E H F K G L V L I A F S Q Y L Q Q C p F
61 D E H V K L V N E L T E F A K T C V A D E S H A G C E K s L
91 H T L F G D E L C K V A S L R E T Y G D M A D C C E K E Q P
121 E R N E C F L S H K D D S P D L P K L P K D P N T L C D E F
151 K A D E K K F Vî G K Y L Y E I A R R H P Y F Y A P E L L Y Â
181 N K Y N G V F Q E C C Q A E D K G A C L L P K I E ï N R E K
211 V L T S S A R Q R L R C A S I Q K F G E R A L K A W S V A R
241 L S Q K F P K A E F V E V T K L V T D L T K V H K E C C H G
271 D L L E C A D D R A D L A K Y I C B B Z B T I S S K L P E C
301 K D P C L L E K S H C I A E V E K D A I P E D L F P L T A D
331 F A E D K D V C K N Y Q E A K D A F L G S F L Y E Y S R R H
361 P E Y A V S V L L R L A K E Y E A T L E E C C A K D D P H A
391 C Y T S V F D K L D H L V D E P Q N L I K Q N C D Q F E K L
421 G E Y G F Q N A L I V R Y T R K V P Q V S ï P T L V E y S R
451 S L G K V G T R C C T K P E S E R M P C T E D Y L S L I L N
481 R L C V L H E K T P V E S K V T K C C T E S L V N R R p C F
511 S A L T P D E T Y V P K A F D E K L F T F H A D I C T L p D
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